University of Alabama in Huntsville

LOUIS
Dissertations

UAH Electronic Theses and Dissertations

2018

Evaluation of electric solid propellant responses to electrical
factors and electrode configurations
Andrew Timothy Hiatt

Follow this and additional works at: https://louis.uah.edu/uah-dissertations

Recommended Citation
Hiatt, Andrew Timothy, "Evaluation of electric solid propellant responses to electrical factors and
electrode configurations" (2018). Dissertations. 163.
https://louis.uah.edu/uah-dissertations/163

This Dissertation is brought to you for free and open access by the UAH Electronic Theses and Dissertations at
LOUIS. It has been accepted for inclusion in Dissertations by an authorized administrator of LOUIS.

EVALUATION OF ELECTRIC SOLID PROPELLANT RESPONSES
TO ELECTRICAL FACTORS
AND
ELECTRODE CONFIGURATIONS

by

ANDREW TIMOTHY HIATT

A DISSERTATION

Submitted in partial fulfillment of the requirements
for the degree of Doctor of Philosophy
in
The Department of Mechanical & Aerospace Engineering
to
The School of Graduate Studies
of
The University of Alabama in Huntsville

Huntsville, Alabama
2018

In presenting this dissertation in partial fulfillment of the requirements for a doctoral degree from
The University of Alabama in Huntsville, I agree that the Library of this University shall make it
freely available for inspection. I further agree that permission for extensive copying for scholarly
purposes may be granted by my advisor or, in his/her absence, by the Chair of the Department or
the Dean of the School of Graduate Studies. It is also understood that due recognition shall be
given to me and to The University of Alabama in Huntsville in any scholarly use which may be
made of any material in this dissertation.

Andrew Timothy Hiatt

(Date)

ii

DISSERTATION APPROVAL FORM
Submitted by Andrew Timothy Hiatt in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Mechanical Engineering and accepted on behalf of the Faculty of the
School of Graduate Studies by the dissertation committee.
We, the undersigned members of the Graduate Faculty of The University of Alabama in
Huntsville, certify that we have advised and/or supervised the candidate on the work described in
this dissertation. We further certify that we have reviewed the dissertation manuscript and
approve it in partial fulfillment of the requirements for the degree of Doctor of Philosophy in
Mechanical Engineering.

_________________________________________
Dr. Robert Frederick, Jr.
(Date)

Committee Chair

_________________________________________
Dr. James Baird
(Date)

_________________________________________
Dr. Jason Cassibry
(Date)

_________________________________________
Dr. George Nelson
(Date)

_________________________________________
Dr. James Swain
(Date)

_________________________________________
Dr. D. Keith Hollingsworth
(Date)

Department Chair

_________________________________________
Dr. Shankar Mahalingam
(Date)

College Dean

_______________________________________ __
Dr. David Berkowitz
(Date)

Graduate Dean

iii

ABSTRACT
The School of Graduate Studies
The University of Alabama in Huntsville

Degree Doctor of Philosophy

College/Dept. Engineering/Mechanical & Aerospace
Engineering

Name of Candidate
Title

Andrew Timothy Hiatt

Evaluation of Electric Solid Propellant Responses to Electrical Factors and Electrode
Configurations

Some electric solid propellants repeatedly ignite and extinguish through application and
removal of electrical energy. Responses to electrical factors and electrode configurations were
evaluated at atmospheric conditions using the Design of Experiment methodology for
development of valid correlations.

Experiment results were compared with an existing

electrolytic theory describing electrochemical reactions occurring proportional to current. The
high performance electrical propellant 501a formulation containing a hydroxylammonium nitrate
ionic liquid and polyvinyl alcohol polymer binder was used in all experiments. External flame
impingement produced charring without energetic ignition, no self-sustained burning, and
extinguishment upon flame removal. Application and removal of electrical energy through
stainless steel electrodes resulted in propellant ignition and extinguishment. Burning rate as a
function of current density was determined using a power fitted regression equation having a
current density exponent of 0.958. The nearly direct proportionality supports the electrolytic
theory. The measured mass loss was 5-50 times the mass loss predicted by the electrolytic theory
suggesting a significant thermochemical component exists.

For experiments having equal

electrode surface areas, preferential anodic burning occurred as more chemically reactive
oxidative species are predicted by the electrolytic theory. For most experiments having unequal
surface areas, burning occurred at the smaller electrode surface area regardless of polarity due to

iv

greater

current

density

and

ohmic

heating

predicted

by

the

electrolytic

theory.

Hydroxylammonium and nitrate diffusion coefficients determined for platinum electrodes were
from 3.11x10-7 to 3.62x10-7 cm2/s and 2.67x10-7 to 3.45x10-7 cm2/s, respectively. Ion mobility
and drift velocity relate to diffusion coefficient thereby describing ionic transport characteristics
affecting current and ultimately burning rate. The approximated electrical conductivity range for
platinum electrodes was 3.8-22.0 S/m for frequencies of 0.1-10 kHz. Conductivity increased with
frequency suggesting potential burning rate control through frequency modulation. Electrical
response was a highly localized effect limited to the propellant/electrode interface. The electrode
where burning occurred exhibited electrostatic discharge behavior as evidenced in the video,
current, and voltage data suggesting the polymer breakdown voltage was achieved. Dielectric
breakdown was proposed as an additional theoretical component connecting the experiment
results with the electrolytic theory and augmenting the electrochemical and thermochemical
processes for the overall combustion mechanism.

Abstract Approval:

Committee Chair

_______________________________________
Dr. Robert A. Frederick, Jr.

Department Chair

_______________________________________
Dr. D. Keith Hollingsworth

Graduate Dean

_______________________________________
Dr. David Berkowitz
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CHAPTER 1

INTRODUCTION

On-demand throttling of impulse bits is required for attitude and position control of
spacecraft. One example is the Divert and Attitude Control System (DACS) of a kinetic kill
vehicle relevant to missile defense as illustrated in Figure 1.1. The dashed arrows represent the
tracking sensor orientation requirements, solid long arrows illustrate the divert maneuvers to
adjust the trajectory, and the solid short arrows depict the attitude impulses maintaining the
desired orientation. Precise adjustments in the trajectory and attitude are necessary to maintain
the proper tracking sensor orientation and ultimately a successful intercept destroying an
incoming missile threat. Energy management is important toward accomplishing the mission
objectives and consists of impulse bits, throttling, and ideally multiple start/stop operations.
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Figure 1.1 Representative Image of a Kinetic Kill Vehicle SDACS Operation Toward
Intercepting an Incoming Missile Threat: Taken and Edited from [1].

Hypergolic liquid DACS, whose propellants ignite on contact, can fulfill this requirement
using valves that turn the propellant flow on and off. However, solid propellants are required for
shipboard applications due to the danger of possible leaks associated with liquid systems in a
confined and isolated environment. Solid DACS have their own challenges with precise energy
management being one. Solid propellants burn continuously in response to the chamber pressure
once ignited. Complete extinguishment with potential re-ignition events is not functionally
possible. Methods for delivering discreet, on-demand impulse bits requires elaborate internal
barriers, cumbersome re-ignition systems, complex valve systems, or heavy pintles.
Pintles are frequently used due to their relative ease of operation and real-time control
capability. A diagram of a pintle used for commanding a throat area change in a solid rocket
motor and a notional chamber pressure trace for the associated pintle commands are shown in
Figure 1.2. The chamber pressure can be high or low but not on or off because the solid
propellant will burn to completion once ignited.
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Additionally, the chamber pressure will

continuously increase with all pintle valves closed therefore requiring a null thrust command to
prevent over-pressurization of the pressure vessel. Such a command opens opposing thrusters to
relieve pressure but generating no net thrust. This maneuver highlights the need for energy
management due to wasted energy that could have been used for future necessary operations.

Figure 1.2 Example Diagram of a Pintle for Commanding a Throat Area Change and the
Notional Chamber Pressure as a Function of Time for the Associated Pintle Commands: Pintle
Diagram Taken and Edited from [2].

The chamber pressure p1 approximated as

A
p1 ~  b
 At





1 1 n 

(1.1)

is proportional to the propellant burn surface area Ab , nozzle throat area At , and burning rate
exponent n . The thrust F is defined as

F  C F At p1
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(1.2)

and depends on the chamber pressure p1 , thrust coefficient C F , and the nozzle throat area At .
These equations describe the relationships between the various control method parameters and the
outcome on motor performance. Pintles affect the nozzle throat area parameter and therefore
chamber pressure and developed thrust.
The chamber pressure and propellant mass flow rate depend on the propellant burn
surface area, which can also be used to throttle the thrust of a solid rocket motor. The grain
configuration can be selected to provide the desired burn surface area and subsequently thrust
profile as a function of time for a known burning rate. Example grain configurations and their
representative influence on the chamber pressure are shown in Figure 1.3. The disadvantage of
this method is that the profiles are set at the time of casting thereby eliminating any real-time
throttling capability.

Figure 1.3 Simplified Diagrams Showing Grain Configurations and Their Pressure-Time
Characteristics [3].
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A representative burning rate profile for a conventional solid propellant is displayed in
Figure 1.4. Note the deflagration limit is the minimum pressure required for self-sustained
combustion. Below this pressure and without additional energy inputs combustion can become
erratic, unsteady, or may completely stop. A noticeable pressure deflagration limit may or may
not exist for a propellant.

Figure 1.4 Representative Burning Rate Profile for a Conventional Solid Propellant.

The standard burning rate law known as St. Robert’s Law [3] describing the relationship
between pressure and the burning rate as illustrated by the red line is given as

r  ap n

(1.3)

where the temperature coefficient, a , and the burning rate exponent, n , are empirically
determined for each formulation through burning rate experiments. The exponent is of particular
importance because this parameter relates the change in burning rate for a corresponding pressure

5

change. When the chamber pressure and burning rate are plotted on a log-log scale, the burning
rate profile is represented as a straight line with the slope being the burning rate exponent
described by St. Robert’s Law.
The burning rate applied in

  Ab r b
m

(1.4)

is shown as an important parameter affecting the propellant combustion mass flow rate, which
includes the burning surface area and propellant density. Furthermore, the thrust [3] derived from
the conservation of momentum and generated as

 v2   p2  p3 A2
F m

(1.5)

shows how the propellant combustion mass flow rate influenced by the chamber pressure affects
the thrust. These equations demonstrate the effects of the propellant burning surface area and
chamber pressure on controlling or throttling the thrust level.
A log-log graph relating chamber pressure, initial propellant temperature, and burning
rate for several conventional solid propellant classifications is given in Figure 1.5. Note the
initial temperature effect on the burning rate levels. An increase in temperature results in a small
increase in the burning rate due to increased chemical reaction rates. Controlling the formulation
ingredients and associated chemistry affects the burning rate and burning rate exponent thereby
providing a means for tailoring a propellant for specific mission requirements. An example
burning rate and exponent for a composite ammonium perchlorate solid propellant is identified at
1,000 psi, which is the standard reporting pressure.
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Figure 1.5 Solid Propellant Burning Rates Showing the Dependence on the Chamber Pressure,
Initial Temperature, and Formulation: Taken and Edited from [3].

Electric solid propellant (ESP) combustion also demonstrates a dependency on the
chamber pressure but with the added electrical effect influencing the burning rate as shown in
Figure 1.6. The burning rate increases with applied voltage thereby providing throttling through
direct electric control.

The electrical control regimes for extinguishment, throttling, and

self-sustainment of the burning rate as a function of pressure are displayed in Figure 1.7. Note
the extinguishment pressure threshold dividing the two regimes and the decrease in ignition
voltage requirement with increasing pressure. These two figures highlight the electrical effects
that make ESPs different from conventional solid propellants and demonstrate the electrical
control providing the multiple start/stop capability.
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Figure 1.6 Electric Solid Propellant Example Burning Rates Showing the Chamber Pressure and
Applied Voltage Dependencies: Taken and Edited from [2].

Figure 1.7 Electric Solid Propellant Burning Rate Graph Showing the Pressure and Electric
Control Regimes for Extinguishment and Throttling/Self-Sustainment [4].
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The important differences of ESP from conventional solid propellants have been
established. However, the question may be posed concerning their difference from electric
propulsion whose three general classifications are displayed in the diagrams of Figure 1.8.
Electrothermal applications electrically heat the propellant followed by thermodynamic
expansion of the heated gases.

Electrostatic thrusters use electrostatic fields to accelerate

electrically non-neutral or charged propellant particles without thermodynamic expansion.
Electromagnetic designs capitalize on the interaction of electric and magnetic fields with plasma
to accelerate energized, high temperature ions, electrons, and neutral species. Electric propulsion
does not use propellant combustion energy but particle acceleration for thrust development. This
characteristic is the key difference between electric propulsion and electric solid propellant.
While electrical heating and electric and magnetic fields are present in ESP operation, the electric
effects drive one or more mechanisms that are not fully understood but are responsible for
initiating propellant combustion.

The combination of electromagnetic and combustion

characteristics of ESPs distinguishes this propellant classification from existing propulsion
technologies.
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Figure 1.8 Diagrams Showing the Three General Classifications of Electric Propulsion
Consisting of a) Electrothermal, b) Electrostatic, and c) Electromagnetic: Taken and Edited
from [3].
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Electric solid propellant is a novel approach toward a controllable solid propellant with
potential applications to multiple start/stop operations and on-demand burning rate augmentation
through electrical effects. Propellant development to date has produced formulations showing
favorable performance characteristics. Initial research was targeted at desirable properties for air
bag propellants. These propellants established foundational work regarding the basic binder
structure and infusion of a eutectic liquid oxidizer into the binder matrix. However, they were not
electrically responsive and therefore not considered a true electric solid propellant. The research
progressed into an ionic liquid formulation whose characteristics segued into the initial ESP
formulation studies. One resulting hydroxylammonium nitrate (HAN)-based ESP formulation
that has undergone development is investigated in this dissertation research.
Electric solid propellant is a relatively new development with research into a solid
solution propellant beginning in the 1990s leading into the first electric solid propellant
formulation shortly thereafter. Improved ESP formulations soon followed resulting in numerous
variations in different classifications incorporating ionic liquids (ILs). These liquids and their
distinctive qualities had been researched for purposes such as a liquid gun propellant prior to
significant solid propellant development. The use of ILs with polymers with the objective of
creating a solid propellant whose ingredients, manufacturing processes, and combustion products
were relatively benign was desirable. Moreover, the IL chemical characteristics are considered to
be responsible for the observed electrical response behavior desired in a controllable solid
propellant, namely multiple start/stop operations and burning rate control/augmentation. The
combination of a non-toxic formulation with an electrically controllable propellant was unique.
Such a blend of characteristics offered potential attributes and performance long sought after in
research efforts spanning decades. While not without difficulties and requiring considerable
research to reach an appropriate maturity, the benefits and numerous possible applications drove
the continuous development of electric solid propellant.
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Electric solid propellants are similar to conventional solid propellants, hybrids, and gelled
propellants but have important differences in their structure and formulation ingredients. This
unique classification of propellants ignites and burns in direct response to electrical inputs.
Similar to most solid propellants ESP consists of a polymer used as a structural component and a
fuel, an oxidizer, and any necessary or desired additives to tailor the physical, chemical, and
performance properties. The key difference of electric solid propellants is the use of ionic liquids
as oxidizers to achieve multiple start/stop and burning rate augmentation capabilities influencing
combustion by the application of electric energy. The ionic nature of the HAN-based liquid
oxidizer responds to an applied electromagnetic field thereby producing the unique electric
effects observed in the ESP burn characteristics.
The electrical burn response of ESP depends on the formulation, applied electric power,
and physical operating environment. The choice of polymer, liquid oxidizer, co-oxidizer, metal
fuels, and additives along with their mass fractions within the formulation affect the electrical
response. The burning rate scales with the applied electric voltage or power. The burn surface
geometry depends on numerous factors such electric power type and electrode effects.
Additionally, the burning rate depends on the pressure following the standard St. Robert’s Law
for conventional solid propellants even for an electric solid propellant formulation with idealized
electric controllability.
An example of the non-metallized ESP high performance electrical propellant (HIPEP)
formulation applied to a microthruster technology is shown in Figure 1.9.

The coaxial

configuration consists of an outer electrode tube with an inner electrode tube or rod with
propellant cast between the two electrodes. The inner electrode has a thin layer of insulation
applied to the entire surface except for a small area at the desired burn surface. The outer
electrode has no electrical insulation but is in direct contact with the propellant at all surfaces.
The purpose of the insulation gap on the inner electrode is to force electrical contact between the
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electrode and the propellant at the desired location thereby limiting the electrical response. The
intended result is a confined combustion volume at the desired burn surface.

Figure 1.9 Electric Solid Propellant Microthruster CAD Model Depicting Components (left) and
Microthruster Operational States (right) [5].

The operational states of a microthruster are illustrated in Figure 1.9. Prior to ignition the
propellant is in contact with the entire outer electrode and with only a small area of the inner
electrode at the burn surface. Ignition is achieved through application of electric energy with the
limiting electrical contact at the inner electrode exposed, non-insulated surface area. During a
burn operation the propellant recedes at a rate related to the pressure and applied electric voltage.
The inner electrode insulation layer recedes at a rate faster than the propellant burning rate
thereby allowing the propellant to reestablish electrical contact with the inner electrode.
An enlarged view of the microthruster in a burn state is displayed in Figure 1.10. Burn
operation is stopped by removal of electric energy provided the pressure is below the
extinguishment threshold. The post-burn state is similar to the pre-burn except the propellant and
13

insulation have receded. Note a constant exposed surface area on the inner electrode is present to
maintain the electrical connection between the propellant and the electrode. Configurations are
not limited to coaxial arrangements and the electric effects depend on the electrode design.

Figure 1.10 Enlarged View of an Electric Solid Propellant Microthruster CAD Model Showing
a Burning State and General Arrangement of the Electrodes, Propellant, and Insulation: Taken
and Edited from [5].

The notional structure of a coaxial configuration similar to a microthruster previously
discussed is presented in Figure 1.11. The electric polarity applied to each electrode is noted and
ignition is stated to occur at the positive electrode. Insulation is applied to the inner electrode
making this arrangement a single point ignition and powered configuration. The propellant burns
at the exposed surface and regresses toward the closed base ideally in a uniform, end burner
fashion.
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Figure 1.11 Diagram Showing the Notional Structure, Electrode Polarities and Configurations,
and Electric Solid Propellant Representative Ignition and Burn Direction for a Coaxial, 1-Inch
Strand, Single Point Ignition/Powered Configuration [6].

The unique propellant composition enabling the electrical effect involves the swelling of
the HAN ionic liquid oxidizer into the polyvinyl alcohol (PVA) polymer matrix fuel. The ionic
liquid and polymer combination coupled with the application of electrical power results in the
start and stop combustion capability. Additionally, electric energy inputs enable combustion
under conditions where an external heat source such as a blow torch applied to the propellant
surface cannot effectively produce combustion as shown in Figure 1.12 [7]. The demonstrated
uniqueness of ESP is the ability to turn a solid propellant on and off at the command of an
electrical switch as displayed in Figure 1.13 [8]. Laboratory experiments have even demonstrated
ESP combustion tones as a function of AC voltage inputs [9]. Testing has also shown consistent,
preferential ignition at electrodes with a specific polarity and demonstrated multi-electrode
ignition beyond a coaxial configuration [5].
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Figure 1.12 Experimentation Demonstrating the Thermal Insensitivity of an Electric Solid
Propellant and Showing a) Pretest, b) Blow Torch Applied, and c) Posttest: Taken and Edited
from [7].

Figure 1.13 Experimentation Demonstrating the Electrical Response of an Electric Solid
Propellant and Showing a) Pretest, b) Electrical Energy Applied with Ignition, and c) Electrical
Energy Removed with Extinguishment: Taken and Edited from [8].

Summarizing, electric solid propellant has the following basic, novel features: 1) electric
ignition, 2) electric control or burning rate augmentation, 3) extinguishment through the removal
of electric power under a pressure threshold value as applicable, and 4) self-sustained combustion
without electric energy inputs above a pressure threshold as applicable. Potential applications
include microthrusters for small impulse bits [5], scale-up to larger thrust classes [5], igniters,
tailorable solid propulsion technology, and solid DACS for a kinetic kill vehicle missile defense
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system. Uses may extend into non-propulsion systems where on-demand, electrical control of
gas generators or pyrotechnics affords safety and performance advantages.
Challenges remain in understanding the fundamental physics and chemistry explaining
the laboratory observations of ESP. Several, often conflicting, theories have been proposed
meant to describe the observed behavior. Suggested dependencies include ohmic heating, current
density, nitric acid generation, and electrolytic mechanisms.

Laboratory experimentation

supporting the theories has demonstrated the electrical response of ESP localized around an
electrode and across the propellant burn surface. Furthermore, the existing ESP formulations
have properties limiting their practical applications such as structural properties, thermal stability,
electrical conductivity, power requirements, storage and aging properties, and hygroscopic
characteristics.

Scale-up to larger systems may be limited without resolving the major

challenges, especially the increased power system requirements and associated weight and
storage and aging properties.
A fundamental theoretical explanation and laboratory experimental data is needed to
isolate the electrochemical processes causing the combustion dependence on applied electrical
energy. Improved understanding would benefit existing applications of this technology through
enhanced and higher efficiency operation by controlling the identified major electrical
parameters.

A verified fundamental scientific understanding could enable the selection of

alternate materials benefiting a wider range of practical applications and enhancing fulfillment of
mission requirements.
1.1

Objective
The objective of this dissertation is to hypothesize and experimentally validate an

electrolytic combustion theory for electric solid propellant. The experimental data will validate
or indicate how to refine the hypothesis.

The goal is to investigate the electrochemical
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characteristics isolated from the thermochemical properties and to assess and refine the list of
significant effects on electric control.
1.2

Scope
The research scope includes one HAN/PVA-based propellant formulation labeled HIPEP

501a currently under development. Experimental studies will primarily focus on low pressure
regimes thereby isolating the electrochemical effects from the thermochemical combustion
processes due to the propellant’s inability to self-sustain combustion below 200 psi.

The

theoretical model consists of analytical electrochemistry, heating effects, and charge transport
mechanisms responsible for current flow. Laboratory experiments will collect data on flame
sensitivity, polarity response, voltage effects, current effects, electrical conductivity, and burn
characteristics. The dependency of the burn characteristics on the electric parameters of polarity,
voltage, current, and conductivity are germane to the proposed electrolytic combustion
hypothesis.
1.3

Approach
The experimental approach comprises a theoretical model of the electrical response of

ESP and experimental projects investigating actual electrical effects. The electrolytic combustion
hypothesis defines the electrochemical reactions occurring at both electrodes responsible for
propellant ignition.

A qualitative assessment at atmospheric conditions of the thermal and

electrical response of ESP is accomplished through flame sensitivity and polarity response
experiments.

The voltage dependence, voltage limits, and energy management will be

investigated as a function of voltage at atmospheric conditions using the voltage effects
experimental project. The current dependency, current limits, and current density influence will
be examined as a function of current at atmospheric conditions through the current effects
experiments. The voltage and current effects projects will also measure the regression rate of
weighted electrodes through the propellant as a function of voltage, current, and current density.
18

The electrical conductivity of the propellant will be determined as a function of temperature and
pressure. X-ray experimentation will determine the burn characteristics as a function of voltage,
current, and pressure.
1.4

Contribution to the Field
The contribution to the field provided by this dissertation consists of four points. The

first is the determination of an ESP atmospheric pressure or baseline burning rate 1) as a function
current density and 2) as a function of the applied electrode polarity, voltage, and electrode
surface areas. The second point is the determination of the hydroxylammonium and nitrate ion
diffusion coefficients and the ac and dc conductivity components related to the ESP physical
properties. The third is the creation of fundamental electrical response and electrochemical
datasets consisting of basic and derived data and results at atmospheric conditions. These
datasets can be used to enhance the theoretical, experimental, and operational understandings and
applications. The fourth point is the determination of various parameters providing guidance for
design study trade-off analyses and theoretical developments. The relevant parameters include
the electrical power, mass loss comparisons between theory and experiment, burning location
electrode polarity and surface area preferences, redox potentials, and an equivalent electrical
circuit.

19

CHAPTER 2

LITERATURE REVIEW

A solid propellant propulsion system capable of on-demand, multiple start/stop
operations and real-time throttling is required to ideally fulfill the mission requirements defined
for a kinetic kill vehicle divert and attitude control system (DACS) critical to the current
shipboard missile defense architecture. Liquid propellant systems have these attributes but the
potential hazards of cryogenic and hypergolic propellant leaks within a confined, isolated
operating environment eliminates their application aboard naval vessels.

Hybrid propellant

technologies offer simplified operation while providing the desired control but the presence of a
liquid oxidizer precludes their shipboard use. Advanced propulsion technologies such as electric
propulsion have the required on-demand, controllable characteristics but their high power
requirements result in a high mass power system incompatible with a small, low mass vehicle.
Electric solid propellant (ESP) is a novel approach providing a solid propellant
propulsion system with on-demand and controllable performance similar to a liquid propellant
system. Application of electric energy ignites ESPs with increased electric power resulting in up
to an order of magnitude increase in the burning rate. Propellant combustion can be stopped by
removing the applied electric energy. Some ESPs have a minimum pressure threshold for electric
control extinguishment while some formulations present extinguishment characteristics across a
wide pressure range absent a threshold.
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The underlying physics and chemistry of the observed ESP electrical response
phenomenon is not well understood. Theories related to electric current density, ohmic heating,
electrolytic characteristics, plasma generation, and nitric acid generation have been discussed.
However, possible mechanisms responsible have not been explicitly proposed or detailed in the
publicly available literature. Mechanisms describing the observed electrical response behavior
would benefit characterization of existing ESP formulations, development of future formulations
with preselected and desirable properties, material choice, and engineering parameters. The
practical applications could range from micropropulsion to large scale propulsion technologies
and non-propulsion avenues such as pyrotechnics and gas generators.
2.1

Air Bag Inflator Propellants (ABIP)
Electric solid propellants are rooted in the development beginning in the 1990s of air bag

inflator propellants (ABIP). The impetus for ABIP development was for improved automobile air
bag gas generators with propellant formulations whose combustion products primarily consisted
of nitrogen, carbon dioxide, and water in a gaseous state [10]. Additionally, the research sought
to effectively eliminate or reduce well below tolerable levels the metal oxides, carbon monoxide,
and nitrous oxide combustion residues generated in toxic amounts by the typical formulations.
The solid solution propellant formulations investigated were desired to have lower flame
temperatures, substantial burning rates at higher pressures, reduced to no solids loading, nontoxic combustion products, and increased gas generation per gram of propellant [10].
The ABIP formulations are a solid solution propellant where a true solid solution
propellant was defined as one employing a binder that is soluble in a liquid eutectic oxidizer [10].
Furthermore, the liquid eutectic oxidizer must have the capability of swelling into the binder and
effectively plasticizing, solvating, or dissolving the polymer. These characteristics of the liquid
eutectic oxidizer and polymer binder necessitate a chemical affinity between the two components
thereby excluding some combinations at the beginning of the development process. Addition of
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the co-oxidizer above the quantities present in the liquid eutectic oxidizer affected the propellant
characteristics such as the softening temperature and combustion properties including flame
temperature, available oxygen for fuel consumption, and the desired combustion products [10].
The ABIP binder polymer is polyvinylamine nitrate (PVAN) [10] and is in the same alkyl
polymer group as polyvinyl alcohol (PVA) used in the ESP investigated in the experimental
efforts of this dissertation. However, most polymers such as PVA that are high molecular weight,
water soluble or swellable, and linear or branched were determined to have insufficient affinity
for the desired eutectic oxidizers and too great an oxygen demand for the preferred combustion
products of ABIPs [10]. The choice of polymer must include considerations for eutectic oxidizer
affinity and oxygen balance supplied by the binder and oxidizer.
The eutectic oxidizer and polymer selection affect the physical properties of the
propellant such as dimensional stability at higher temperatures and physical encapsulation of
formulation ingredients.

The trade-off for ABIP was processing at conditions above room

temperature to melt the eutectic oxidizer prior to swelling into the polymer binder. One eutectic
oxidizer considered was a blend of hydrazine nitrate (HN)/ammonium nitrate (AN) at a weight
ratio of 65/35, respectively, resulting in a reported melting temperature of ~47 °C [10]. When
swelled into PVAN the resulting ABIP was a rubbery propellant burning cleanly and rapidly. A
typical ABIP description states the propellant is rubbery when held at a point just above the
eutectic melting temperature and when cooled below this point becoming a firm, tough, and
amorphous solid solution propellant with a visible binder/oxidizer boundary maintained [10].
A typical ABIP formulation with the desired stoichiometric properties contained by
weight percent about 16.4% PVAN, 81.6% AN based eutectic oxidizer, and 2% burning rate
modifier [10]. These formulations had dimensional stabilities up to approximately 110 °C. They
demonstrated the desired ignition and burn characteristics at ambient temperatures and elevated
pressures while maintaining relative insensitivity at ambient pressure conditions. The typical
ABIP has an ignition temperature of ~200 °C, approximate peak isotherms of 230-250 °C,
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calculated flame temperature of ~2000 K [10]. The combustion products primarily consist of
carbon dioxide, nitrogen, and water reported as moles of gas generated per volume of propellant
and as a function of aging characteristics.
Research into novel eutectic inorganic nitrate liquid oxidizers resulted in several potential
combinations of various nitrates [11, 12]. The benefit of these combinations includes lower
melting temperatures at or below room temperature thereby providing enhancements for
processing. Improvements were also noted in the predicted performance, physical properties, and
hazard properties. The eutectic oxidizers provided important capabilities during the development
of ABIP and subsequent formulations.
While ABIP is not considered an electric solid propellant due to an ignition and burn
behavior resembling a conventional solid propellant, the associated propellant development
involves principles and chemical components establishing the necessary concepts. The research
team that developed ABIP laid the foundational work directly leading into what is considered the
first true electric solid propellant. This team would also go on to develop this first electric solid
propellant serving as the predecessor for numerous ESP formulations as discussed in subsequent
sections.
2.2

ASPEN Electric Solid Propellant
The first electric solid propellant was called ASPEN and sought to improve the

processing, burn, electrical, storage, performance, and reproducibility characteristics.
Unfortunately, the ASPEN acronym was not readily available in the literature. The ASPEN
propellants are similar to the ABIP formulations in that they consist of a polymer binder with
considerable oxygen content such as PVAN, a eutectic oxidizer, and burning rate modifiers. A
key difference is the inclusion of at least one ionic liquid responsible for providing the observed
electrical properties in ASPEN. Additional differences include the use of cross-linking agents to
slowly cross-link the polymer binder after casting to raise the softening temperature of the
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propellant while maintaining a workable mix at lower processing temperatures and the
application of a moisture barrier coating addressing the hygroscopic nature of the ASPEN
formulations [13].
One objective of the ASPEN propellants was to resolve the ABIP melt layer formation
during combustion. The heat release subjected to the exposed ABIP surface resulted in melting
and eventual propellant flow as the melt layer increased with time. Modification or loss of the
necessary mechanical properties will reduce or eliminate the designed potential for repeated
start/stop operations. Additionally, the melt layer will be susceptible to evaporation depending on
the given chemical species’ vapor pressure when exposed to reduced pressure or vacuum
conditions. These undesirable characteristics can be countered by increasing the molecular
weight of the polymer binder, cross-linking of the polymer chains, and use of low vapor pressure
oxidizer such as an ionic liquid. However, trade-offs exist impacting the processing difficulty,
casting characteristics, and balance between mechanical and performance properties.
A typical ASPEN formulation consists of an ionomer oxidizer polymer binder of
increased molecular weight, a liquid eutectic oxidizer, ionic liquid, formulation specific
cross-linking agents, vapor barrier, energetic burning rate modifiers, and a polymer for lowering
the electrical ignition threshold [13]. The liquid eutectic oxidizer is comprised of a minimum of
one oxidizer salt and at least one co-oxidizer serving as the eutectic material keeping the mix in a
liquid phase at the processing temperature. The ionic liquid consists of at least one species plus
possibly an additional co-ionic liquid of lower molecular weight. A representative approximate
weight percent distribution for each ingredient type is as follows: 1) polymer binder 7-12%,
2) liquid eutectic oxidizer 78-83%, 3) ionic liquid 2-8%, 4) epoxy resin cross-linking agent
0.5-3% [13]. Note the weight percent and associated distribution will depend on the molecular
weights of each chemical species and the inclusion of a given ingredient type.
The propellant is non-toxic, stores well, offers cost savings in materials and
manufacturing, and has benign, gaseous combustion products consisting primarily of carbon
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dioxide, nitrogen, and water [13].

Additionally, the ASPEN formulations have improved

processing time, higher propellant melting temperature above the processing temperature, and
rubbery mechanical properties even when the temperature exceeds the oxidizer melting
point [13]. These improvements over the ABIP formulations facilitate the desired electrical
response through improved structural properties at increased temperatures.

An improved

temperature range is necessary when attempting to increase the electrical conductivity through the
addition of ionic liquids, which by definition maintain a liquid phase over a wider temperature
range.
Ionic liquids were used to reduce the propellant’s electrical resistivity because they
behave essentially as neutral ionic salts thereby possessing good conductivity. Ionic liquids also
exhibit considerable miscibility with organic and inorganic chemical species making them
attractive for propellant formulations using polymer binders. Additionally, ionic liquids do not
boil in their ionic state and therefore have a low vapor pressure. This property makes them
especially useful for vacuum storage and operation, which is an intended application of the
ASPEN formulations [13]. Furthermore, the parent non-ionic molecules of the ionic liquid are
released when the ionic properties break down at the propellant decomposition temperature.
The ASPEN formulation ingredients are hygroscopic and readily pick up atmospheric
water vapor.

Accordingly, a vapor barrier is required due to the water solubility of the

ingredients and subsequently the propellant as a whole. The solution for ASPEN was the
application of a thin layer of nitrocellulose meant to slow the pickup of water while not affecting
the propellant’s electrical conductivity [13].
Ignition was observed when electrical voltage was applied to the propellant with
extinguishment occurring immediately once the voltage was removed [13]. Burning rate control
was achieved by applying a voltage above the ignition voltage. The burning rate was correlated
to the applied voltage such that an increase in voltage produced an increase in the burning
rate [13]. Additionally, the combustion location was associated with the electrical current stated
25

to travel along the propellant’s surface where electrical heating is generated. Multiple re-ignition
events were reported by repeating the process of applying, controlling, and removing a voltage.
Accordingly, ASPEN propellants operate under vacuum conditions without a thermal feedback
and pressurization effect on the burning rate as required for conventional solid propellants [13].
Electrical response burning rate experiments for ASPEN propellants defined the physical
dimensions of the sample, initial electrical resistance, ignition voltage, and operational voltage
and current measurements. The propellant resistivity decreased with increasing temperature for
initial and aged samples studying five formulations. The conclusion was made that at sufficiently
low temperatures one or more liquid species was crystallizing generating a non-uniform alteration
responsible for the increase in resistivity above that expected for high temperatures [13].
Additionally, the initial samples had a consistently lower resistivity compared with the aged
propellant samples. During combustion tests the burning rate response to the applied voltage was
immediate.

An important qualitative finding of the experiments was the preferential burn

behavior at the shortest electrical path even for lengths less than 0.1 inch. The qualitative results
also indicated a dependency of the electrical ignition and burning rate control on a current effect
beyond ohmic heating.
2.3

High Performance Electric Solid Propellant (HIPEP)
The high performance electric solid propellant (HIPEP) formulation family arose from

attempts at increasing the electrical conductivity of ASPEN [5]. The increased conductivity
resulted in the applied electric current to be drawn into the propellant bulk and away from the
burn surface. This characteristic made combusting large areas difficult and necessitated new
electrode and application configurations that were more challenging or less desirable. However,
the benefit of using hydroxylammonium nitrate in the formulation was an increased specific
impulse and higher conductivity for faster electrical control response [5].

Electric solid

propellant performance depends on the formulation, electrode material, electrode spacing
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affecting electrical efficiency and optimization, electrode geometric arrangement, electric power
type, method of maintaining an electrical connection between the electrodes and propellant, and
the propellant grain [14]. Electric solid propellant have reported 10:1 burning rate augmentation
and throttling capability through the control of electric power [2].
The HIPEP family of electric solid propellants was the development base for two
additional ESP families with all ESPs falling under the classification of electrically controlled
propellants (ECPs). The three families are categorized by the observables in the combustion
products and are high performance electrical propellant (HIPEP), aluminized navy (ANAV), and
boron alternate double base (BADB) [5].

The HIPEP family consists of non-metallized,

minimum smoke, minimum signature plastisol formulations. These propellants do not have
self-sustaining burning rates at ambient pressure when no electric power is applied. They can
also be modified for specific burning rate, ignitability, mechanical, and thermal characteristics.
The ANAV family comprises highly aluminized, smoky, highest performance formulations.
They have self-sustaining burning rates and are insensitive to spark, flame, impact, and friction
hazards. The BADB family encompasses those formulations that are reduced-smoke with midrange performance capable of self-sustained burning rates.
Furthermore, an improved HIPEP family of formulations was developed for enhanced
performance while maintaining the baseline electrical response and safety. Three formulation
families were developed and include an essentially non-metalized chromium complex propellant
(HPP), a boron metalized (HPB), and an aluminized (HPPA) version [4]. All three families were
intended to have increased burning rates, performance, and energy content over their baseline
HIPEP, BADB, and ANAV counterparts, respectively.

The general characteristics of the

improved HIPEP formulations compared against the baseline HIPEP are provided in Figure 2.1.
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Figure 2.1 General Characteristics of the Three Improved HIPEP Families Compared with the
Baseline HIPEP Formulation [4].

A supporting patent discusses the creation of a solid energetic composition comprising a
core particle coated with a polymer capable of absorbing a liquid oxidizer combination [15]. The
formulation, materials, processes, and concepts are foundational to ESP development. This
patent is cited by numerous ESP references and contextualizes development of the existing ESPs
and predecessor formulations such as ASPEN and ABIP.
2.3.1

Structure and Distinctive Ingredients
The HIPEP, ANAV, and BADB electric solid propellants are often described as a sol-gel

or plastisol propellant with homogeneous properties similar to double-base propellants. A threedimensional structure supplied by a polymer and reinforced as necessary by cross-linking agents
facilitates a uniform distribution of a liquid oxidizer, additives, stabilizers, burning rate
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enhancers, fuels, nonmetals and any additional ingredients in a plastisol process [16, 5]. An
illustration conceptualizing the structure and ingredient distribution is presented in Figure 2.2.
These propellants do not require a chemical cure and have processing and casting temperatures at
or near room temperature.

Historically, efforts using solid hydroxylammonium salts in a

conventional solid propellant formulation and processing scheme resulted in propellants
susceptible to crack formation, temperature sensitivity, and severe hygroscopic nature [17].
Electric solid propellant formulations and processing required consideration of the polymer
binder, solvents, additives, and oxidizers.

Figure 2.2 Notional Representation of a Solid Polymer Electrolyte Incorporating an Ionic Liquid
and Illustrating the Structural and Ingredient Distribution Concepts [18].

Ionic liquid oxidizers such as HAN contained within the three-dimensional polymer
matrix provide the electron transport capability leading to the necessary electrical conductivity.
The resulting electrical ignition, burning rate augmentation, and multiple start/stop operations
depend on the external electrode polarity, propellant and electrode geometry, and applied electric
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power [16].
necessary.

The polymer is dissolved in the liquid oxidizer solvent and cross-linked as
The resulting gel is cured with the liquid oxidizer entrapped within the three-

dimensional structure producing the sol-gel propellant. Use of the liquid oxidizer as the solvent
with subsequent retention eliminates the need for solvent extraction and helps maintain the
desired dimensions while incorporating the necessary oxidizer.
The stabilized hydroxylammonium nitrate (S-HAN) incorporates buffer agents, metal
chelating agents, and stabilizers for a degree of protection against significant changes in the
acidity, metal ion catalysis, and autocatalysis. Co-oxidizers such as ammonium nitrate (AN) are
added to the formulation for creating a eutectic salt whose melting point facilitates room
temperature usage. The S-HAN-5 eutectic liquid oxidizer comprises 95 wt.% pure HAN, 5 wt.%
AN, and a negligible stabilizer content.
2.3.2

Formulation
A representative non-metalized HIPEP formulation without cross-linking agents consists

of 85 wt.% S-HAN-5 ionic liquid oxidizer and 15 wt.% PVA polymer binder [19, 20]. A
cross-linked HIPEP formulation comprises 83.75 wt.% S-HAN-5 ionic liquid oxidizer,
14.25 wt.% PVA polymer binder, and 2 wt.% boric acid cross-linking agent [19, 20].
Illustrations of the chemical structure of HAN, PVA, and boric acid are displayed in Figure 2.3.
Electric solid propellant formulations incorporating HAN are hygroscopic and the major
ingredients are all water soluble [5]. The representative HIPEP 502 formulation combustion
products are gaseous with the predicted major species mass percent and distribution as follows:
1) water 43.62%, 2) carbon dioxide 29.30%, and 3) molecular nitrogen 24.22% [5, 21]. The
remaining 2.86 mass percent contains minor species such as carbon monoxide, molecular
hydrogen, and various oxides of additives.
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Figure 2.3 Molecular Models Illustrating the HIPEP Ingredient Chemical Structures for a) HAN
Serving as the Ionic Liquid Oxidizer, b) PVA as the Polymer Binder, and c) Boric Acid as the
Cross-Linking Agent [22-24].

Several amine nitrate co-oxidizers of HAN were investigated as possible enhancers of the
extinguishment properties. The ideal characteristic of interest is if they undergo endothermic
decomposition at increased temperatures thereby contributing to the propellant’s extinguishment
property [19, 20]. Additional additives considered for extinguishment property enhancement
contain compounds such as oxalic acid whose combustion products include carbon dioxide and
involve adiabatic expansion.
Metal additives are similar to conventional solid propellants for performance tailoring
and include but are not limited to aluminum, boron, titanium, tungsten, and zirconium. Metal
fuels increase the chemical reaction energy released and electrical conductivity thus influencing
the overall performance.

However, metal fuel additives may reduce or eliminate the

extinguishment property due to the metal fuel continually burning once ignited thereby sustaining
propellant burning or smoldering [16].
2.3.3

Physical Properties
The HIPEP family aimed to improve the physical properties through the following

objectives: 1) processing and casting capabilities at or near room temperature while maintaining
the desirable characteristics, 2) decrease the thruster mass, 3) increase the thruster life, and
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4) avoid liquefaction during combustion [19, 20]. Use of boric acid as a cross-linking agent
resolved the burn surface liquefaction difficulty. The propellant’s solid-liquid phase transition
temperature was increased through the use of stability enhancing additives such as
5-aminotetrazole.

Additionally, this additive was found to increase the propellant’s

decomposition temperature by at least 20 °C [19, 20].
The processing and casting properties were improved through inclusion of the PVAN
copolymer along with an epoxy compound. The result was a longer pot life propellant permitting
the use of HAN/AN mixtures of various ratios having relatively low freezing points suitable for at
or near room temperature operations. The improved mechanical properties were attributed to the
addition of the enhanced copolymer without which the formulation would suffer from poor
physical properties [19, 20]. The propellant can be poured, vacuum poured, cast, injected, or
placed by another method into essentially any thruster chamber shape resulting in a generally
flexible propellant when cured [25, 26]. Additionally, these formulations demonstrate elastic,
resilient, and self-healing characteristics with measured stress and strain values much higher than
those for conventional double base or composite solid propellants [5].
2.3.4

Electrical Conductivity/Resistivity Properties
The HIPEP family sought to improve the electrical properties through the following

objectives: 1) have significantly higher electrical conductivity at the desired burn surface than the
propellant bulk, 2) have a low electrical energy threshold for ignition, 3) have low electrical
energy requirements for sustained combustion, 4) maintain a stable and high electrical
conductivity over a wide range of temperatures, and 5) retain the extinguishment property for all
objectives [19, 20]. The boric acid cross-linking agent increased the electrical conductivity to
where the low resistance resulted in the current flow not being confined to the burn surface but
penetrated into the bulk propellant [19, 20]. A sufficiently high electrical resistivity is considered
necessary to restrict the bulk of the electric current flow to the propellant surface.
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Surface combustion was noted to be difficult to achieve with combustion appearing to be
limited to propellant surrounding the electrodes. This burn behavior was attributed to current
density being sufficiently high at the electrodes [19, 20]. The increased electrical conductivity of
HIPEP limits electrode spacing to less than 1/8 inch with envisioned small satellite applications
including microthrusters consisting of coaxial, non-moving electrodes [5]. Attempts at lowering
the conductivity require a typically undesirable trade-off in the polymer properties.

One

experimental effort identified the maximum electrode spacing to be 1/16 inch for ignition at
atmospheric conditions [21].
2.3.5

Pressure and Electrical Ignition Thresholds
Non-metallized ESP formulations demonstrate a minimum threshold pressure for

self-sustaining burning as illustrated in Figure 2.4. Below this threshold the pressure effects and
combustion energy feedback to the burn surface are insufficient for self-sustained propellant
burning. An electrical energy input is required to maintain combustion below the threshold.
Metalized formulations may have reduced or eliminated pressure thresholds for self-sustained
burning. This behavior is a function of the metal fuels use in the formulation where the burning
metal imparts sufficient thermal energy to the propellant to maintain combustion at a lower
pressure or reduce the burning behavior to a smoldering state [16].
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Figure 2.4 HIPEP Burning Rate Related to the Chamber Pressure and Applied Voltage Showing
Electric Control/Extinguishment and Electric Throttling/Self-Sustaining Regions [4].

The HIPEP formulation has an electrical ignition threshold of 150 VDC and
self-sustained burning pressure threshold of 200 psi [2]. Experimental results demonstrate a
slightly lower electrical ignition threshold of 140 V for ambient pressures [21]. An ESP not
explicitly identified as HIPEP but likely in the formulation family demonstrated an upper
extinguishment pressure limit of approximately 150 psi [19, 20].

Some of the propellants

exhibited extinguishment at 350 psi and had low voltage ignition [19, 20]. The ignition voltage
requirements decrease with increasing pressure.

The HIPEP formulation has a region of

pressures where the propellant is extinguishable and a region of self-sustaining burning rates.
The dividing line between the two regions may not be well defined and may depend on factors
beyond the formulation. A third HIPEP characteristic is the electric control or throttling of the
burning rate reported to occur at pressures above 300 psi [4]. Additionally, an ignition response
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time was experimental observed and found to depend on voltage. However, once the applied
voltage exceeded 200 V, the ignition response time was reduced to typically less than 1 ms [21].
2.3.6

Configuration Versatility
Example configurations include single grain elements, multiple grain elements resulting

electrode division of a single grain, grain element stacking forming a three-dimensional thruster
with grain specific firing capabilities [25, 26]. Example electrode configurations are flat washers,
plates, fins, coaxial rings, tubes, rods, sheets, flexible foils, and thin metal layers [25, 26]. The
resulting thruster units can be rigid or flexible. An example of a flexible configuration is rolling
up a thin propellant layer sandwiched between two thin foils into a jelly roll type structure.
Additionally, a typical configuration is designed to have a very short distance between the
electrodes minimizing the dissipation of electric current into the propellant bulk and direct the
current along the propellant surface into the desired combustion volume.
2.4

Electric Solid Propellant Microthrusters
Microthrusters are a representative application helping to establish basic operational

concepts, are the most common configuration undergoing testing, and are currently marketed for
practical use. They consist of coaxial, non-moving, metallic electrodes with an outer diameter of
1/8 inch and a length of 1 inch with tens of thousands of completed tests [5]. The propellant is
contained within the annular volume between the two electrodes.

The two electrodes are

concentric and can be stainless steel, aluminum, or any material chemically compatible with the
propellant. The outer electrode is a tube with no coatings or insulation. The inner electrode can
be a tube or rod with a thin layer of insulation. The insulation is applied such that only a small
area at the top of the inner electrode is exposed and thereby providing electrical contact with the
propellant.
The microthrusters operate in one of two thrust generations modes dependent upon the
application: 1) current mode or 2) capacitor discharge mode [5]. Current mode delivers a high
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frequency pulse through an inductor for firing commands and represents the baseline approach
for small satellite microthruster applications.

The capacitor discharge mode sends an

unregulated, large energy pulse released from a capacitor.
The designed operation of a microthruster envisions multiple ignition and extinguishment
events as generated through the following steps [5]. Prior to ignition the ESP has electrical
contact with the inner electrode only at the small, limited exposed area provided by the insulation.
The propellant has electrical contact with the entire surface area of the outer electrode for all
firings. Electric power is applied resulting in ignition and burning rate control as long as the
power is sustained. As the propellant regresses, the insulation burns at a faster rate such that the
propellant maintains electrical contact with the inner electrode. Extinguishment is achieved by
removing the applied electric power. The ESP and insulation stop burning and the extinguished
state is similar to the initial condition but with the propellant surface and insulation extent having
moved down the inner electrode. The key component of the microthruster operation is the
reestablishment of the electrical contact between the propellant and the inner electrode at the end
of a firing event [5]. These principles provide the multiple start/stop capabilities applicable to all
configurations [25, 26].
The insulation is intended to maintain an exposed area on at least one of the electrodes
before, during, and after a firing event. Without insulation the propellant would ignite along the
entire length of the electrode. If the insulation does not burn faster or at least at a rate identical to
the propellant, the electrical connection would quickly be lost rendering the unit inoperable. The
burning rate of the electrode insulation is a key design parameter affecting ESP performance
because without an insulation regression rate greater than or at least equal to the propellant
burning rate the insulation burning rate may become the limiting step.
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2.5

Electrical Effect Response Parameters
The electrical response of electric solid propellant depends on many parameters such as

the formulation, electrode effects, electric current density, and the electric power profile type.
The electrode canting, polarity, area ratio, and insulation affect the combustion volume, ignition
location, and efficiency. The electrical effect response parameters influence the burn direction
and location thereby impacting performance.
2.5.1

Formulation
Adjusting the propellant’s electrical resistance within a coaxial thruster in the radial and

axial directions is one method of controlling the ignition and combustion characteristics [27].
The radial variation aims to maintain a constant local power deposition across the propellant
surface. Such an effect is a proposed solution to the observed non-uniform, radially dependent
burning rate resulting in a conical burn surface geometry. One detrimental effect of a non-planar
geometry is the premature loss of electrical contact at one electrode thereby leaving residual
propellant in the thruster when burning is not pressure and thermally dependent.
For axial variations the propellant has increasing resistance with increasing distance away
from the desired burn surface [27]. The electrical resistance is meant to increase in the direction
of the desired burn path causing the electric current to be confined to the desired combustion
volume near the exposed, desired propellant surface. As the propellant burns into regions of ever
increasing electrical resistance the propellant with lower resistance is always present at the burn
surface. A diagram illustrating this concept is provided in Figure 2.5.
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Figure 2.5 Electric Solid Propellant Combustion Volume Electrical Current for a) Nominal
Formulation with Increased Current Loss in the Bulk Propellant and b) Axial Variation in
Resistance with Reduced Current Loss: Taken and Edited from [27].

An increase in the propellant’s axial resistance will also improve the electrical efficiency
by reducing the amount of electric current passing through the propellant bulk and not the desired
combustion volume. While an electric current passing through the bulk propellant may provide a
level of advantageous joule preheating, such a scenario is considered an inefficient use of electric
power because the electrical energy does not affect the desired combustion volume and may not
be recoverable. Modification of the formulation’s electrical resistance benefits from the electrical
current following the path minimizing the product of resistance and distance.
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2.5.2

Electrode Canting
Electrode canting ensures the shortest electrical path through an electric solid propellant

is always at the desired burn surface [27]. One or both electrodes can be positioned such that the
increase in separation distance increases axially along the desired propellant burn direction.
Canting capitalizes on the electric current’s preference for a path minimizing the product of the
resistance and distance. A diagram illustrating the electrode canting approach for electric solid
propellant control is given in Figure 2.6.

Figure 2.6 Electrode canting for Electric Solid Propellant Control Where a) Both Electrodes Are
Canted, b) Only the Outside Electrode Is Canted, and c) Only the Inside Electrode Is Canted:
Taken and Edited from [27].
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The electrical current is directed primarily into the desired combustion volume with a
reduced amount of current passing through the bulk propellant. The objective of electrode
canting is to minimize the energy loss and inefficiency of electric current passing through any
propellant location besides the desired combustion volume. This approach can be used with
formulation modifications producing axial and or radial electrical resistance variations or with a
constant electrical resistance propellant.
2.5.3

Electrode Polarity
Ignition of HIPEP generally tends to occur at the positive electrode for DC electric power

and at both electrodes when AC electric power is applied [6, 28]. For the following examples DC
electric power is applied. The effect of electrode polarity and area ratio is illustrated in Figure 2.7
with a coaxial configuration in two possible polarity regimes.

Figure 2.7 Electrode Coaxial Configuration Illustrating the Electrode Polarity and Area Ratio
Effects on Ignition Location and Burn Surface Geometry [6, 28].
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Part a) illustrates an uninsulated, positive outer electrode and an insulated, negative inner
electrode. Ignition was stated to occur at the negative electrode, which is a departure from the
typical positive electrode ignition location. Flame spreading across the propellant surface to the
outer electrode produces an electrically controlled, end-burning grain with an essentially uniform
burn back characteristic [6, 28].

A second regime represented in part b) consists of an

uninsulated, negative outer electrode and uninsulated, positive, inner electrode. Ignition occurs
along the entire length of the positive inner electrode and not at any point of the negative
electrode. Ignition behavior at the positive electrode only is considered the typical response. The
broad ignition at the positive electrode results in a self-sustaining, non-electrically controlled
burning rate in a core-burning manner [6, 28].
The electric polarity effect is illustrated in Figure 2.8 showing four configurations and
their ignition characteristics. All four arrangements are stated to demonstrate ignition at the
positive electrode [6, 28]. The coaxial configuration illustrated in part b) is consistent with
Figure 2.7a but different in the ignition location. An explanation for the apparent discrepancy in
the electrode polarity ignition location is not provided in [6, 28].
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Figure 2.8 Various Configurations of Electrodes Further Illustrating the Electric Polarity Effect
on Ignition Location: Taken and Edited from [6, 28].

2.5.4

Electrode Material
Potential electrode materials include aluminum, copper, gold, stainless steel, zirconium,

and similar metals [25, 26]. A wide array of electrically conductive material classifications is
available such as elemental metals, metallic alloys, carbon, and conductive ceramics [14]. The
electrode materials can be selected to either participate as a burn-away electrode contributing to
the combustion and performance or retain their structural integrity during operation. However,
caution should be exercised when selecting the electrode materials to consider propellant
chemical compatibility.
The choice of electrode material coupled with the polarity of a direct current may help to
define the combustion zone for those formulations having an electrolytic combustion
mechanism [14]. When operating using an AC electric power supply, the electrode material was
observed to be the dominant effect on the propellant burn location for an axial-extent electrode
configuration and a significant effect for the facial-extent configuration [14]. An alternating
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current was applied to a copper and aluminum electrode pair and preferential burning was noted
to occur on the copper electrode. This effect was not observed to be critical when operating using
a DC electric power supply.
2.5.5

Electrode Area Ratio
Differences in area ratios and electrode spacing can result in a radial variation in

electrical current density producing possible combustion inefficiency [25, 26]. Such variations
exist in coaxial, cylindrical electrode configurations having area ratios greater than 1. A proposed
solution involves thin layered, flat electrodes rolled into a cylindrical shape. Area ratios of 1 will
generate a uniform current density thereby reducing or eliminating potential inefficiency [25, 26].
Coaxial electrode area ratios can be to equal 1 or any desired value by using an appropriate shape.
One example is an outer, smooth walled, cylindrical electrode and an inner electrode with a star,
cross, porous, or scintillated cross-sectional geometry [25, 26].
Area ratio effects may also contribute toward preferential ignition at the electrode with
the smaller exposed surface area. This possible effect was inferred from ignition characteristics
for a coaxial configuration where the polarity was reversed but the ignition location remained on
the inner electrode [6, 28]. An illustration of the electrode area ratio and polarity effects for a
coaxial configuration is displayed in Figure 2.7. However, while the ignition location was shown
to occur on the electrode with the smallest exposed area for several other configurations, the area
ratio effect is not explicitly defined or stated to be observed experimentally.
2.5.6

Electrode Insulation
Insulation effects influence the ignition location, electric power usage, and performance

of electric solid propellant. This effect is illustrated in Figure 2.9 where insulation is consistently
used on the inner electrode regardless of polarity. Part a) is identical to the electrode polarity
discussion for a negative inner electrode and shows a non-insulated, positive outer electrode and
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an insulated, negative inner electrode. Part b) includes a layer of insulation on the positive inner
electrode and a non-insulated, negative outer electrode.

Figure 2.9 Coaxial Electrode Configurations Illustrating Insulation Effects on the Ignition
Location, Electric Power Usage, and Performance [6, 28].

Insulation limits the electrical contact between the propellant and electrode to a small
area. For a case or outer electrode grounded regime, the insulation effect produces an operational
state with lower power requirements for ignition [6, 28]. The effect on the burn surface geometry
is a core-burning grain with increased thrust due to increased burn surface area compared with the
part a) end-burning grain. However, the insulation is expected to restrict the core-burning
geometry compared with a near instantaneous formation along the entire non-insulated electrode
illustrated in Figure 2.7b discussing the electrode area ratio effect. Insulation materials consist of
ceramic, phenolic, rubber, and Teflon [25, 26]. However, the insulation materials should be
carefully selected to account for propellant chemical compatibility. One experimental effort
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demonstrated that the burn-away insulation defined the ignition location and propagation
direction [21]. Additionally, broad ignition was demonstrated along uninsulated electrodes up to
8 inches in length.
2.6

Electric Effects
Electric solid propellant formulations such as ASPEN have insufficient combustion

energy transmittance to the burning propellant to have self-sustaining burning rates [27]. The
HIPEP based formulations have regions of extinguishment and self-sustained burning based on
pressure with an overarching electrical control component. The electrical energy input provides
the necessary additional energy, in conjunction with the thermal energy, to drive the combustion
mechanisms. Neither the thermal or electrical energy inputs are sufficient to independently
sustain combustion. The ideal propellant formulation has subcritical combustion requiring a
small electrical input to burn. The electrical energy augments the chemical reaction energy being
transmitted to the burning surface through radiative and convective processes. Accordingly, the
electrical energy required for ignition is higher than what is needed for combustion [27].
2.6.1

Joule Preheating
Joule preheating depends on the internal electric resistance of a given formulation.

Generally, the electrical resistivity of the propellant decreases with increasing temperature [27].
Ignition, combustion, and extinguishment are controlled through an approach termed runaway
heating capitalizing on this property. A small current is directly applied to or near the propellant
burn surface resulting in a localized temperature increase. Additional current flows as the
resistivity decreases with increasing temperature. The process is continued until the localized
region has achieved a sufficiently high temperature and low electrical resistivity necessary for
propellant ignition.
The goal is the formation of a limited layer corresponding to the combustion volume
where the electric current is effectively confined because of the coupled preferential heating and
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reduced resistivity of the electrical path [27]. The large variation in the propellant’s axial
resistivity, current control, and electric current confinement increases the energy efficiency and
reduces the energy loss. The effect reduces the electrical resistivity by seven orders of magnitude
on a micron scale compared with one order of magnitude over a considerably larger scale for the
approach of formulation modification [27].

Equations describing the electric resistivity

characteristics, current density, power deposition, and formulation modifications are presented in
the following power deposition section.
Joule preheating may also affect the ignition, combustion, and extinguishment properties
from a purely thermal standpoint.

Current flow through the propellant will generate heat.

Regions of elevated temperature may be highly localized around internal structures increasing the
current density. Temperature increases may also be experienced throughout the propellant.
Increased temperature affects the chemical reaction kinetics resulting in increased reaction rates.
The overall effect will be an increased propellant burning rate, more energetic reactions, and
impacts on the ESP burn behavior and electrical control.
2.6.2

Current Density
The current density is defined as the current flow divided by the surface area normal to

the flow. The combustion mechanism of some electric solid propellants has been proposed to
depend on the electric current density with effects on the burn surface geometry [27]. The
coaxial electrode configuration is an example where the current density is highest at the inner
electrode, lowest at the outer electrode, and at varying levels between the two. The total electric
current is constant but the inner electrode has a smaller surface area compared with the outer
electrode producing the comparative current density difference. For smooth walled electrodes
and an unobstructed path through the propellant, the surface area increases with increasing
outward radial distance causing a decrease in the current density.
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Experiments have shown preferential burning around the inner electrode of a coaxial
configuration producing a conical burn surface geometry [27]. As the propellant burns, the
conical geometry deepens around the inner electrode eventually causing motor failure because of
loss of electrical contact between the propellant and electrode. This burn pattern prematurely
eliminates the desired electrical operation leaving propellant inaccessible for electrical control.
The proposed solution to a non-uniform burn surface geometry ensures a relatively
constant power level per unit area at the desired burn surface through appropriate
electrode/electrode and electrode/propellant spacing and geometry [27]. Rectangular electrodes
with equal surface area will produce a constant current density across the propellant burn surface
unlike a coaxial configuration.

Additionally, magnetic permeability spatial variation was

identified for impacting control regimes involving high frequency alternating current or transient
current pulses. Equations describing the current density, propellant resistivity relationships, and
power deposition are given in the following power deposition section.
2.6.3

Power Deposition
Power deposition within an electric solid propellant is proposed as one possible

mechanism responsible for the observed electrical response. The following equations found
in [27] reflect the concepts discussed in the Joule preheating and current density sections. The
mathematical relationships model the current density distribution and formulation resistivity
modification effects on the proposed electrical control. The equations for power deposition
define increased levels with decreasing radii for a coaxial electrode configuration.

This

relationship was used to correlate the increased power deposition at the inner electrode to the
observed conical burn surface geometry during ESP laboratory tests [27].
For a smooth walled coaxial electrode configuration the current density distribution
defined for a radial current as
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J

I

(2.1)

2 r

is a function of the electrical current, I , radius, r , and the skin depth,  . Note the skin depth is
a result of an alternating electric field and is function of the frequency of the electric field. The
applied electric current is a constant in this example. The propellant experiences the highest
current density at the smaller radius inner electrode and the lowest current density at the larger
radius outer electrode. The current density varies throughout the propellant depending on the
inverse outward radial distance away from the center of the inner electrode.

The current

penetration is an axial distance based on the electric power type, electrode effects, and
formulation electrical resistivity characteristics. Note the denominator conceptually represents
the desired combustion volume.
The propellant is supplied a total ohmic heating power as

PTOH  I 2 R

and is a function of the square of the current multiplied by the resistance.

(2.2)

The electrical

resistance is constant throughout the propellant with no radial or axial variations. Combining the
current density and total ohmic heating power provides the local power deposition per area
squared [27] as

PLD  J 2 R 

I 2R

2 2 r 2

(2.3)

where the radius of the wire and skin depth are included. Note the local power deposition
depends on the inverse square of the radial distance causing the power to decrease quickly with
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increasing distance. The experimentally observed conical burn surface geometry surrounding the
coaxial inner electrode is supported by this relationship demonstrating that power deposition
strongly increases with decreasing radii [27].
As discussed in the formulation section, one possible solution for the non-uniform burn
surface geometry is modifying the internal electrical resistance [27] through

R  Cr 2

(2.4)

where the resistance becomes a function of the radius. The resistance is no longer a constant but
depends on the square of the radial distance away from the center of the inner electrode. The
result is a propellant with increasing electrical resistance with increasing radii or decreasing
resistance at smaller radii. Note the electrical resistance was also proposed to vary axially if
desired but such characteristics are not reflected in this equation. This removes the dependence
of the local power deposition on the radial distance because

PLD 

I 2C

2 2

.

(2.5)

Accordingly, a uniform ohmic power distribution is generated across the radial burn surface
thereby producing the desirable uniform burn surface geometry [27].
The skin depth is defined as the distance required for the current level to decrease by 67%
and describes the penetration extent of an alternating current into a good electrical conductor as

 2 
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12

(2.6)

where  is the specific resistivity,  is the magnetic permeability, and  is the frequency of
the alternating current [27]. This effect occurs in power transmission lines and is produced by the
electromagnetic forces generated by the movement of charged particles of the flowing current.
The result is a confinement of the current flow to an outer region of the electrical conductor. This
term approximates the axial current penetration of an alternating current applied to an ESP. This
parameter depends on the electromagnetic fields produced by alternating electric current,
electrode effects such as the shortest electric path, and formulation modifications of the electrical
resistivity with emphasis on the axial variation. Spatially varying electrical properties and a
properly selected electric power regime may help create a more advantageous propellant heating
and combustion mechanism.
2.6.4

Power Profile Type
Electric control is proposed through selection of the power type and profile. Approaches

include application of DC power (limiting case of low frequency AC), low frequency AC power,
high frequency AC power, burst current, pulse current, transient current, current profile shaping,
and pulse density modulation [27]. Selection of a given electric power regime depends on the
application, requirements, and combustion mechanism. Example electric power profiles are
illustrated in Figure 2.10.
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Figure 2.10 Electric Power Profiles Illustrating Approaches for Electric Control of Electric
Solid Propellant [27].

Parts a) and b) show current and voltage profile shaping, respectively. For both scenarios
the greatest power demands are for ignition. Once the propellant is ignited the power levels are
reduced during sustainment and are maintained at this level until extinguishment through removal
of the electric power [27]. Note the sustainment voltage is maintained below the Paschen limit to
prevent arcing. Increasing the applied electric power increases the burning rate. The propellant’s
electric resistance changes during operation such that initially the system operates in voltage
control mode while the resistance is high. Following ignition the electrical resistance drops and
operation becomes current controlled.
A representative current profile used for the runaway heating method discussed in the
Joule preheating section is shown in part c) displaying current profile shaping for an ohmic
heating dominated combustion mechanism. Low level electric current is used to preheat the
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propellant followed by a spike for propellant ignition. Once ignition occurs the current level can
be adjusted to throttle the burning rate during the sustainment period until extinguishment caused
by removal of the electric power [27]. This profile is applicable to formulations whose dominant
combustion mechanism depends on ohmic heating.
Part d) illustrates a pulse density modulation voltage profile relevant for a combustion
mechanism dominant by electrolysis [27].

When using pulse density modulation a critical

voltage is required before combustion can occur.

The total power input depends on the

frequency, duration, and duty cycle of the voltage pulses. The frequency or density of the pulses
is slowly increased during propellant preheating. Ignition occurs through application of a higher
frequency voltage pulse once the resistivity drops sufficiently in the desired combustion volume.
The pulses can be modulated thereby controlling the burning rate during the sustainment period at
lower power levels. Extinguishment is achieved by removal of the electric power.
Both the current profile shaping and pulse density modulation are effective means toward
igniting, controlling, and extinguishing an ESP [27]. The propellant electric resistivity, magnetic
permeability, and dielectric constant can be spatially modified and affect the electric control
based on the power type.

Permeability and dielectric constant modifications may be

advantageous when the combustion mechanism is strongly dependent upon electrolysis.
The DC and low frequency AC power types have current flows following the path of
least electrical resistance. High frequency AC power has electromagnetic effects such as skin
depth but DC effects will influence the current flow. High frequency AC has been proposed as a
method for confining the current applied to the propellant burn surface within the desired
combustion volume [27]. An additional approach involves non-continuous high frequency AC
such as burst, pulse, and transient currents [27]. A capacitive discharge is an example of this
method and the effect can be used alone or in conjunction with electrode canting and formulation
electric resistivity modifications.
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2.6.5

Burn Direction
For DC electrical control, ESP will typically ignite at the positive electrode wherever an

electrical connection between the propellant and electrode exists [6, 28]. Use of an AC electrical
input causes ignition at both electrodes due to the polarity shifts at the AC frequency. Electrode
effects such as area ratio, insulation, and configuration may produce atypical ignition at the
negative electrode. Current density at sufficiently small areas may also cause combustion at the
negative electrode before significant reactions occur at the positive electrode. The pressure
environment affects the burn direction and flame spreading away from the ignition sites.
2.6.6

Pyroelectric Effect
Electric solid propellants containing the ionic liquid HAN form a liquid solution with

co-oxidizers and water in a quasi-crystalline state in a manner similar to the hydrogen bonded
HAN structures of liquid gun propellants [5].

The quasi-crystalline structure permits a

pyroelectric effect, which is the generation an electric charge or polarity in a crystal with a
change in temperature. Pyroelectricity has been observed in HAN based ESPs as evidenced
through polarization shifts as a function of temperature and pressure, a color change or
thermochromism as a function of temperature, and acidity changes caused by electrostimulation
[5].
2.6.7

Nitric Acid Generation
The electrically stimulated acidity changes arise from the conversion of nitrates from

HAN into nitric acid by proton transfer. The increases in nitric acid are localized, proposed as the
rate determining step in the ESP reaction mechanism, and suggested as the ignition trigger of
HAN based formulations [5]. Nitric acid resulting from electrostimulation has been proposed to
be correlated to the pyroelectric effect.
Furthermore, one possible reaction mechanism is proposed as follows but acknowledged
to lack supporting evidence [29]. The applied electric power is proposed to produce a dimer
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reaction altering the ESP’s conductivity. The ionic to neutral transition and associated charge
transfer results in HAN decomposition leading to nitric acid generation. Nitric acid is highly
reactive and furthers the chemical decomposition.
2.6.8

Free Radical Generation
Another proposed reaction mechanism states the electric power applied to an ESP

directly drives the chemical decomposition of HAN. Free radicals are generated and catalyze the
ESP to continue the reactions [29]. However, no experimental evidence was available when this
mechanism was proposed.
Attempts were made to better understand the reaction process. An electrically controlled
energetic material (ECEM) or ESP was tested at low voltages in an effort to slow the ignition
event to see what if any reactions would occur. Images from the video recorded during this
experiment are displayed in Figure 2.11 [29].

Figure 2.11 Images During an Electric Solid Propellant Low Voltage Experiment Slowing the
Ignition Event and Investigating the Reaction Mechanism [29].
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Reactions were primarily seen at the left electrode as evidenced by a liquid or gas
bubbling. Only a slight amount of activity was identified at the right electrode. The electrode
polarity was not stated in the reference. The reaction at the left electrode did not propagate
beyond the electrode surface. The cause of this behavior was unknown but possibly attributed to
the low voltage and the inability of the voltage to penetrate the ECEM [29].
2.6.9

Electrolysis
Electrochemical reactions detailing a mechanism explaining the observed electric

response of an ESP is not presented in the public domain literature. However, electrolysis was
identified as a potential underlying mechanism affecting ESP electric control. Pulse density
modulation of the applied electric power was defined as an important electric control method for
an ESP operating in an electrolysis scenario [27]. Furthermore, spatial modifications of the
dielectric constant were considered for combustion control through adjusting the electric field.
The polarity of direct current, electric power type, magnitude of the electrode/propellant
contact area, and electrode material were identified to influence the combustion zone
location [14]. The direct current polarity and electrode material were considered coupled and
capitalized on the combustion mechanism’s electrolytic nature. Emphasis for DC applications
was placed on the polarity effect suggesting an electrolysis combustion mechanism plays a
dominant role. Alternating current regimes complicate an electrolysis evaluation but such a
mechanism may remain important. The electrode material was deemed the dominant factor
defining the combustion location [14]. An example is the preferential combustion at the copper
electrode in a copper/aluminum electrode pair.
2.7

Burning Rate Results
Electric solid propellant has been reported to have a 10:1 burning rate augmentation and

throttling capability through the application and control of applied electric power [2]. Burning
rate throttling is also affected by the formulation coupled with electric control. A graph showing
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the HIPEP burning rate characterization is supplied in Figure 2.12 and illustrates an increased
burning rate as the applied electric voltage and pressure increases [2]. The metallized BADB
burning rate characterization demonstrates a similar increased burning rate with increased applied
electric voltage and pressure as displayed in Figure 2.13.

Figure 2.12 Electric Solid Propellant Example Burning Rates as a Function of Chamber
Pressure and Applied Voltage Showing the Electric Effect and Control for the HIPEP
Formulation [2].

Figure 2.13 Burning Rate Characterization for the Metallized BADB Formulation Showing
Increased Burning Rate with Increased Applied Voltage and Pressure [21].
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The burning rate characterization is for HIPEP with a minimum electric ignition voltage
of 150 VDC and a minimum pressure of 200 psia for self-sustained burning. This data is
important for any control algorithm such as one included in a DACS using pintles. For this
particular application the chamber pressure is modeled as a function of a burn surface area
augmented by the applied electric voltage and an unaffected burn surface area [2]. The electric
effect is assumed to be localized around the electrode area in electrical contact with an ESP.
Such an approach highlights the importance of knowing the burn surface geometry, electric effect
extent, and electric burning rate control. A burning rate comparison of several ESP formulations
with conventional solid propellants is provided in Figure 2.14.

Figure 2.14 Various Electric Solid Propellant Formulations Shown as Solid Lines Compared
with Conventional Solid Propellants Depicted with Dashed Lines [4].
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The various ESP formulations are indicated using solid lines while the conventional solid
propellants are shown as dashed lines. All ESPs shown in this figure are based on the HIPEP
formulation. Modifications consist of adding metal fuels and or improving the base formulation
through inclusion of more energetic polymers. Note the HIPEP burning rate line corresponds
roughly to a double base propellant but is less than an ammonium perchlorate composite
propellant. The improved HIPEP family of ESP depicted in this figure demonstrates enhanced
burning rates over the baseline HIPEP formulation and most of the representative conventional
solid propellants [4]. This figure provides a representative comparison amongst the various
ESPs, general effects of ESP formulation modifications, and demonstrative evaluation against
conventional solid propellants.

This figure is not an exhaustive definition of all ESPs or

conventional solid propellants.
2.8

Electrically Operated Propellant (ESP)
Another ESP or electrically operated propellant has been recently developed capable of

electrical control at operating pressures up to 2,000 psi [30]. A representative formulation
consists of a 50-90 mass % liquid-based perchlorate oxidizer, 5-30 mass % metal-based fuel, and
the remainder consisting of a binder. A notable difference from the HIPEP formulation is the
absence of HAN in the formulation. Additionally, a larger selection of metal fuels is available
with many of them being HIPEP incompatible. Many of the polymer binders are similar to the
HIPEP choices and include PVA.
This electrically operated propellant can only be ignited electrically with the burning rate
electrically controlled. Extinguishment is achieved by removal of the applied electric power even
when operating at pressures up to 2,000 psi [30]. This extinguishment characteristic is another
difference from HIPEP where a pressure threshold of 200 psi exists for extinguishment.
Furthermore,

the

electrically

operated

propellant

has

a

specific

energy

range

of

600-1,100 Joules per gram compared to other ESPs having higher specific energy ranges of
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approximately 2,400-2,700 Joules per gram or greater [30]. The electrical energy requirement
reduces with pressure and is 150-250 Joules per gram during sustained burning. The reduced
energy requirement translates into weight and volume savings associated with a smaller power
system.
Additionally, the propellant has a storage modulus of 300 psi or greater at ambient
temperatures and reported good storage and aging characteristics [30]. The propellant is formable
but sufficiently structural to maintain the necessary shape for dynamic environments such as
pressurization, launch, and flight. However, the propellant ingredients are hygroscopic similar to
HIPEP. The extent of the hygroscopic nature was not stated.
The metal-based fuels assist in the ignition and extinguishment capabilities of the
electrically operated propellants. The metals increase the electrical conductance facilitating the
application of electrical energy for ignition. The metals also hinder combustion due to their low
flammability thereby assisting in extinguishment when electric power is removed.

The

combination of the metal fuel and liquid-based perchlorate oxidizer are the key factors affecting
the electrical response.
2.9

Electric Liquid Propellant
An electric liquid propellant (ELP) belongs to the family of electrically controlled

propellants (ECPs) and is a liquid propellant capable of electrical ignition and control. An ELP
is similar in composition and electrical response to an ESP. A representative formulation consists
of 65-79 wt.% HAN, 2-7 wt.% co-oxidizer, 15-30 wt.% fuel additive, and remainder comprising a
mixture of sequestrant, stabilizer, buffer, and process aid [31]. These propellants can be flowed
through piping, valves, and injectors with associated flow control similar to conventional liquid
propellants. The liquid channels, injectors, combustion chamber, and custom components serve
as electrodes and can be electrically charged thereby affording a second control method for

59

throttling. An optimized voltage and electric current for an ELP is typically from 200-600 V and
10-100 mA, respectively [31].
The literature suggests significant ELP development followed after substantial ESP
research had been conducted. Accordingly, many of the ESP storage, hygroscopic, thermal
stability, freezing point depression, and burning rate difficulties were addressed during the ELP
development. For example, the use of complex sugars and plant based starches as additives
produced burning rates of 1-10 ips at 1,000 psi while retaining the necessary high solubility in the
HAN liquid oxidizer blends [31]. One notable difference with ESP is the absence of PVA in the
representative ELP formulation. Additionally, the pressure threshold does not exist for the
representative ELP thereby allowing self-sustained burning at atmospheric and vacuum pressures.
Many of the improvements achieved during ELP development can be applied to all ECPs,
including ESPs [32].
2.10 Applications
Electric solid propellant was proposed for dual-mode spacecraft thrusters [33]. One
mode is a chemical motor operation producing high thrust and low propellant exhaust velocity
thereby providing fast maneuver capabilities. The second mode is as an electric propulsion
thruster with low thrust and high propellant exhaust velocity delivering efficient maneuvers
minimizing propellant usage. The thrusters are designed to supply small impulse bits for precise
attitude control and high thrusts for quick response divert maneuvers.
Spacecraft and kinetic kill vehicle maneuvers can also be accomplished with ECP-based
gas generators purely in a chemical motor operational mode. The gas generated can be used
immediately or stored in a plenum for later use. For example, an ESP with embedded electrodes
and cast within a pressure vessel can supply gaseous combustion products to a pintle control
system for on-demand thrust commands as illustrated in Figure 2.15 [2, 30]. Electric solid
propellants acting as gas generators can also serve as pneumatic batteries for micro-actuators and
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fluid delivery devices for small-scale electronics and robotics [34]. Recent proposals incorporate
ELPs due to their advantageous flow and electrical control affecting the thrust and throttling
capability [31].

Figure 2.15 Gas Generation System Using an Electrically Operated Propellant, Pressure
Manifold, and Valve System for On-Demand Divert and Attitude Control Maneuvers: Taken and
Edited from [30].

Electric liquid propellants can also be used in a rocket engine similar to a conventional
liquid engine. The engine configuration can be modified according to any propellant formulation
and mission requirements [35]. The key difference is the engine components serve a dual
purpose as electrodes when ELPs are used.

The injectors, chamber walls, propellant feed

channels, and custom components can be electrically energized to precondition, ignite, and
control the combustion of the propellants. Several ELP engines have been proposed with a
representative configuration shown in Figure 2.16.
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The ELP can be a monopropellant or

bipropellant with combustion behavior similar to a conventional liquid or hypergolic propulsion
system.

Figure 2.16 Representative Schematic of an Electrical Liquid Propellant Rocket Engine: Taken
and Edited from [35].

Electric solid propellants have also been considered for a NASA mission to Mars where
the propellant would supply landing maneuverability [36]. Space-based proposed uses have also
included small satellites such as CubeSats where micro-propulsion is effective and necessary as
illustrated in Figure 2.17 [5, 37]. The functionality of ESPs in a space environment has not been
extensively tested. Therefore, a small satellite named SpinSat has recently been launch whose
mission

objectives

performance [38, 39].

include

a

demonstration

and

characterization

of

the

on-orbit

Microthrusters will be used to evaluate the technology with further
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applications toward numerous additional small satellites. Divert and precision attitude control
thrusters are proposed applications for an ESP where safe, controllable operation is
required [40-44].

Figure 2.17 Illustration Showing Potential CubeSat Electric Solid Propellant Propulsion
Systems [5].

Electric solid propellants can also be used in small scale thrusters. Small thrusters can be
fitted with a nozzle to improve the performance [6]. The efficiency can be further increased by
extending the center electrode through the throat and protruding into the nozzle thereby affording
secondary combustion of ejected, unburned ESP. The extended electrode also serves as an
anti-clogging device preventing overpressurization due to propellant throat obstruction.
Diagrams showing a nozzle and extended electrode configuration for an ELP and ESP are
displayed in Figure 2.18. A schematic and an exploded view of a nozzle configuration using ESP
are provided in Figure 2.19 and illustrate the major components and dimensions. An additional
rocket motor diagram using an electrically operated propellant is shown in Figure 2.20.
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Figure 2.18 Electric Liquid Propellant (a) and Electric Solid Propellant (b) Small-Scale
Thrusters Using Nozzles for Improved Performance and Extended Electrodes for Secondary
Combustion: Taken and Edited from [6].

Figure 2.19 Schematic and Exploded View of a Nozzle Configuration Illustrating the Major
Components And Dimensions of a Small-Scale Thruster: Taken and Edited from [6].
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Figure 2.20 Diagram of a Rocket Motor Using an Electrically Operated Propellant: Taken and
Edited from [30].

Larger class ESP rocket motors have been demonstrated. The ANAV formulation was
tested in a 100-300 lbf thrust class with sea-level exit pressures, non-optimized nozzle
configuration, and heavyweight hardware [5]. Rocket motors have been scaled-up to a 4 inch
diameter boost-phase application including three tests of an igniterless static rocket motor firing.
An image of such a firing is presented in Figure 2.21.
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Figure 2.21 Large-Scale Electric Solid Propellant Rocket Motor Firing Demonstrating
Scale-Up Capability [5].

Tank igniters are also a promising use of ESPs due to the insensitivity of the propellant.
Development of the igniters has focused on BADB and HIPEP with promising
results [21, 29, 45]. Potential applications are numerous and include pyrotechnics, gas and oil
field fracking, entertainment, and military training exercises. A novel application is the physical
destruction of electronic devices, particularly data storage and associated required hardware as
illustrated in Figure 2.22. The ESP is used to physically destroy the electronics through heat,
combustion product deposition, degradation, and deformation and or demagnetization [46].
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Figure 2.22 Diagram and Schematic Illustrating an Electric Solid Propellant-Based Device for
the Physical Destruction of Electronics: Taken and Edited from [46].

2.11 Critical Assessment of the Electric Solid Propellant Literature
A significant portion of the ESP literature is contained within patents primarily held by or
associated with Digital Solid State Propulsion. A substantial amount of the remaining literature
exists in the form of conference papers, proceedings, and presentations. Additional references are
present in JANNAF publications but this literature is either not readily available or is restricted.
The use of restricted literature in academic, public domain literature such as a dissertation is
illegal and fundamentally juxtaposed to the goals of academic research.

Therefore, ESP

applicable research documentation and experimental data was gleaned from public domain
sources. The early development of ESP was frequently placed under governmental restriction but
the continued development became increasingly presentable in the public realm.
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The objective of this literature review was to collect data, text, applications, and
professional associations relevant to ESP development. The outcome of the review was to define
the current state-of-the-art and identify knowledge gaps where a novel contribution could be
made.

An assessment of the literature revealed that multiple researchers noted an electric

response on the ignition and burning behavior of ESP. However, while numerous ideas have
been proposed for the observed electric response, a detailed mechanism explaining the behavior
and supporting experimental results does not exist in the public domain literature. This critical
assessment of the ESP literature evaluates the major components and suggested mechanisms
presented by the various researchers. Ultimately, the critical assessment anchors one end of the
bridge between the state-of-the-art and the novel contributions of this dissertation.
2.11.1 Pyroelectric Effect
Electrically controlled propellants are frequently described as being pyroelectric due to
their quasi-crystalline structure and the crystalline structure of pure HAN. The crystallinity is
limited to localized domains within the amorphous propellant. The effect requires a temperature
difference with the resulting polarization of the crystal producing a temporary voltage across the
crystalline structure.
The effect alone is not expected to sufficiently account for the observed electrical
response. However, temperature changes generated by propellant burning and electrostimulation
may affect electroactive species through the developed voltage within localized regions.
Specifically, HAN may transition from the ionic salt to neutral species containing hydroxylamine
and nitric acid. The pyroelectric effect appears to be a contributing factor stemming from the
application of electricity to initiate the underlying mechanism. Additionally, the concept and
application of pyroelectricity at times seems misunderstood and improperly used in some
references.
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2.11.2 Electrical Generation of Nitric Acid
The generation of nitric acid can result from electrostimulation, thermal degradation,
HAN destabilization, and autocatalytic chemical reactions involving metal contaminates. All of
these processes incorporate proton transfer to the nitrate ion from the hydroxylammonium ion,
water, or hydrogen containing molecules within the propellant. Numerous strategies are available
to limit proton transfer to electric effect schemes.
This process is often couched in the context of pyroelectric effects or vaguely attributed
to electric effects. A few references link water and HAN electrolysis to the generation of
hydrogen ions. These protons subsequently react with the surrounding nitrate ions thereby
producing nitric acid using not an electrochemical but chemical reaction. This process has been
suggested as a possible mechanism for the observed electric response because nitric acid is highly
reactive and readily chemically attacks the surrounding propellant.
Nitric acid is widely considered the rate determining step in HAN decomposition whether
by thermal or electric means.

Additionally, considerable experimental research has been

conducted on evaluating this mechanism. However, the theory and experiments focus on aqueous
solutions and pure, solid crystalline HAN. Less attention is placed on a HAN-based eutectic
liquid solvating a polymer binder characteristic of an ESP. Furthermore, the absence of water in
the representative ESP formulation is a substantial difference from the theories underlying
HAN/water solution nitric acid generation mechanisms. The electrical generation of nitric acid
may be a beneficial consequence of an underlying mechanism and not the primary driver.
2.11.3 Current Density Effects on Burn Surface Geometry
Current density has been attributed to the observed burn surface geometry often
preferentially occurring around an electrode with specific polarity.

The geometry suggests

augmented burning rates above the expected baseline value for the propellant when no electricity
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is applied. Furthermore, electrode geometry was correlated to the observed effect through current
density changes as a function of distance from one electrode to the other.
Current density is suggested as a mechanism with providing few details.

The

interpretation is the electric current heats the propellant to thermal decomposition temperatures.
Thermal ignition and burning would then be the underlying mechanism from a physical
perspective. The electrical energy input to the propellant supplies the necessary energy to initiate
and drive chemical reactions resulting in combustion.

Current density effects may be a

contributing factor but the ionic nature of the HAN liquid oxidizer suggests a more fundamental
mechanism plays a larger, more controlling role.
2.11.4 Modeling of Localized Electrical Effect
Modeling of the localized electric effect is related to the proposed current density effect
correlated to the observed burn surface geometry. The mathematical relationships incorporate
geometric considerations and dimensions relative to the specific configuration containing the
electrodes and ESP. In addition to current density the local power deposition and formulation
resistivity can be calculated. However, the physical phenomena may not be fully captured with
this model and the applicability to ESP may be limited by species mobility or other factors. The
model may provide a secondary mechanism perhaps more relevant to flame spreading and Joule
heating.
2.11.5 Mechanism
Several possible mechanisms have been proposed in the literature. The usefulness of a
given mechanism may depend on the mode in which the ESP is used, namely electrochemically
and or electromagnetically. Additionally, multiple proposed mechanisms may contribute to the
observed electric response but a given mechanism may not reflect the underlying physical and
chemical mechanism responsible. Accordingly, the assignment of a mechanism to a given ESP
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must consider factors including but not limited to formulation, electrode geometry, electrode
spacing, and electric power type and profile.
2.11.6 Plasma
A plasma-based mechanism incorporates high energy electric fields applied to an ESP
and uses electromagnetic acceleration of the combustion products to develop thrust.

The

electromagnetic effects dominate and electrochemical reactions become minor and possible
nonexistent due to the high energy fields. A plasma mechanism is rarely discussed in the context
of an electrochemically based application similar to a conventional propellant.

Such a

mechanism more closely resembles electric propulsion and the ablation and ionization of an inert
propellant. However, a plasma mechanism serves as an extreme representation of the electric
effects possible with ESP.
2.11.7 Ohmic
Ohmic or Joule heating of an ESP is often considered an undesirable or inefficient
mechanism.

Like an electric resistor increasing in temperature with flowing current, the

propellant is heated by the flow of applied electric power. This heating may increase the
propellant temperature to the thermal decomposition value or serve as a preheating method. Joule
heating as a mechanism is typically seen in a relatively small number of ESP references. This
mechanism relates more to conventional propellant heating concepts and does not consider the
ionic and electroactive species present in the HAN-based ESP formulations.
2.11.8 Current Density
A current density mechanism seeks to relate the supplied electric current with the
observed burn surface geometry. Additional considerations include the local power deposition
and electric power profile. The mechanism identifies electric current as being important through
correlation with experimental results. However, few details on the mechanism are presented and
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the underlying phenomenon is attributed to the electric current flow without incorporating the
ionic nature of the liquid oxidizer.
2.11.9 Electric
Electric mechanisms are the most prevalent in the ESP literature. Electrical generation of
nitric acid, pyroelectric effects, electrical conductivity/resistivity, electrode effects, electrode area
ratio, and insulation burning rate are all rationales proposed for electric mechanisms. However,
the methods often address physical parameters and electrical properties toward explaining the
observed burn behavior. Electrode effects and area ratio rely on the underlying physics and
chemistry and help identify the mechanism by supplying valuable data. Nitric acid generation
and pyroelectricity may be rate limiting steps or contributing factors but are insufficient as
standalone mechanisms. Finally, while electric mechanisms are useful, they lack sufficient detail
within the literature and are not expected to be primary mechanism.
2.11.10 Electrolytic
The electrolytic nature of the HAN-based ionic liquid oxidizer is noted by a few of the
ESP references. Ionic species will migrate toward the oppositely charged electrode according to
the applied electric field. These electroactive species will undergo electrochemical reactions
producing molecules in a more energetic and chemically reactive state. Detailed electrolytic
mechanisms do not exist for ESPs in the public literature. However, such mechanisms rely on the
underlying physics and chemistry and therefore afford an improved fundamental understanding of
the electric response behavior of ESP. A general assessment of the ESP electrical response is
provided in Table 2.1 showing the electrical response assumed extent of the effect, rationales,
methods, relevant physical parameters, mechanisms.
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Pressure
Temp.
Voltage
Current
σ or ρ
Polarity

Local
Global
Surface

Nitric acid production, insulation burning rate
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X

X X

ESP structure & formulation
Electrode design, grain design, current density, electrode area ratios,
X
insulation burning rate
Design parameters, electrode configurations
Electrode polarity, insulation, burn direction, current density, DC &
X X
X
AC power, two-stage (electric/pressure) ignition requirements
X X
Electrode, thruster, nozzle , & grain designs
X
Electrical control considerations, electrical characteristics tailoring,
X
current profile , pulse density modulation

X X

X
X
X

X X

X

Reference

Electric, Plasma

[5]

Electric

[16]

Electric

[25, 26]

X Electric, Electrolytic?

[14]

X X

X

Electric

[6]

X X

X

Electric
Electric, Electrolytic,
Ohmic
Electric, Electrolytic,
Ohmic

[6]

X X ρ
X X ρ

Burn surface geometry, current density, power deposition
ESP application, electric on/off & control, burn surface modeled as
conical structure
Experimentation, formulation, HAN decomposition leads to nitric
acid which in turn drive propellant decomposition
HIPEP electric control, electric on/off & throttling, self-sustaining
burn
ESP burning rate comparison, formulation

X

Mechanism

X

X

[27]
[27]

X

Electric

[2]

X σρ X

Electric

[19, 20]

X

X

Electric

[4]

X

X

Electric

[4]

Table 2.1
General Electric Solid Propellant Assessment of
Electrical Response Effect Extent, Rationales, Methods, Relevant
Physical Parameters, and Mechanisms.

X

Rationale/Method

2.12 Bridging the State-of-the-Art to the Novel Contributions
Electrolytic decomposition of HAN/water solutions was proposed as an improved
initiation mechanism where electrolysis resulted in HAN molecules placed into their excited
states [47]. More energetic reactions could then take place toward complete decomposition.
Furthermore, once initiated the electrolytic and thermal decomposition mechanisms were
considered similar or nearly identical. The proposed electrolytic mechanism for HAN/water
solution decomposition is described in [48-53] and begins with application of an electric current.
Water is electrolyzed at the anode to produce oxygen, hydrogen ions, and two electrons as
represented by

𝐻2 𝑂 →

1
𝑂
2 2

+ 2𝐻 + + 2𝑒 − .

(2.7)

These protons transfer to the HAN surrounding the anode according to

(𝑁𝐻3 𝑂𝐻)+ (𝑁𝑂3 )− + 𝐻 + → 𝐻𝑁𝑂3 + (𝑁𝐻3 𝑂𝐻)+

(2.8)

and to the nitrate ions as

𝑁𝑂3− + 𝐻 + → 𝐻𝑁𝑂3

(2.9)

to generate nitric acid and hydroxylammonium ions. Production of nitric acid is the initial HAN
decomposition reaction according to this proposed mechanism. Additionally, this reaction is
often considered to be the rate limiting step in HAN decomposition [48, 51, 53]. The overall
anodic electrochemical reaction for this mechanism is

2(𝑁𝐻3 𝑂𝐻)+ (𝑁𝑂3 )− + 𝐻2 𝑂 →

1
𝑂
2 2
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+ 2𝐻𝑁𝑂3 + 2(𝑁𝐻3 𝑂𝐻)+ + 2𝑒 −

(2.10)

The water readily solvates the HAN salt allowing both ions to easily migrate throughout
the electrochemical cell. Furthermore, the (𝑁𝐻3 𝑂𝐻)+ ion exists in high concentration for this
proposed mechanism. The hydroxylammonium ions are readily available at the cathode where
they are reduced by the electron produced at the anode. An external circuit connects the anode
and cathode facilitating the flow of electrons.
The hydroxylammonium ion is electrolyzed at the cathode according to

2(𝑁𝐻3 𝑂𝐻)+ + 2𝑒 − → 2𝑁𝐻2 𝑂𝐻 + 𝐻2

(2.11)

generating hydroxylamine ions and hydrogen molecules. Competing water electrolysis reactions
occur at the cathode as

2𝐻2 𝑂 + 2𝑒 − → 𝐻2 + 2𝑂𝐻 −

(2.12)

producing hydrogen and hydroxide ions used in the subsequent chemical reactions. The highly
reactive hydroxide ions react with HAN yielding additional hydroxylamine, water, and nitrate
ions as

𝑁𝐻3 𝑂𝐻 + 𝑁𝑂3− + 𝑂𝐻 − → 𝑁𝐻2 𝑂𝐻 + 𝐻2 𝑂 + 𝑁𝑂3−

(2.13)

𝑁𝐻3 𝑂𝐻 + + 𝑂𝐻 − → 𝑁𝐻2 𝑂𝐻 + 𝐻2 𝑂

(2.14)

and

Furthermore, two additional competing electrolysis reactions are occurring involving nitrate ions,
hydrogen, water, and oxygen following
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𝑁𝑂3− + 4𝐻 + + 3𝑒 − → 𝑁𝑂 + 2𝐻2 𝑂

(2.15)

2𝐻2 𝑂 + 𝑂2 + 4𝑒 − → 4𝑂𝐻 − .

(2.16)

and

Finally, the overall cathodic electrochemical reaction for the mechanism was considered as

2(𝑁𝐻3 𝑂𝐻)+ + 2𝑒 − → 2𝑁𝐻2 𝑂𝐻 + 𝐻2

(2.17)

where the hydroxylamine species is generated for subsequent decomposition reactions and a
hydrogen molecule.
The global electrolytic process is the combination of the overall anodic and cathodic
electrochemical reactions.

According to [48-53] the proposed electrolytic mechanism for

HAN/water solution decomposition is

2(𝑁𝐻3 𝑂𝐻)+ (𝑁𝑂3 )− + 𝐻2 𝑂 → 2𝐻𝑁𝑂3 + 2𝑁𝐻2 𝑂𝐻 + 𝐻2 +

1
𝑂
2 2

(2.18)

Note the presence of water in this mechanism. Notably, the generation of oxygen at the anode is
derived from water electrolysis. The generation of oxygen and hydrogen was considered to
substantially improve the ignition and combustion characteristics due to their highly reactive
nature [48, 53]. Additionally, the chemical species generated during electrolysis may alter the
thermal decomposition mechanism.

Furthermore, metal electrodes may participate in the

electrolysis mechanism. The generated metal ions may enhance the HAN decomposition due to
HAN being very sensitive to metals and surface phenomena [52]. Finally, regarding a liquid
HAN-based propellant, the electrolytic decomposition voltage increases with increasing pressure
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and is anticipated to be proportional to log 𝑃 [52]. However, electrolytic ignition is expected to
have increased efficiency with increasing pressure due to the physical processes affecting the
electrical properties.
The proposed electrolytic mechanism is the initiating step in the complete HAN/water
decomposition scheme.

The products generated by electrolysis are fed into the thermal or

catalytic mechanism as the initial reagents. Thermal decomposition is the proposed mechanism
driving the HAN decomposition to completion. The chemical reactions and supporting kinetics
supplying reaction rates and activation energies are tabulated in [48, 53] with a more detailed
discussion in [54]. Additionally, modeling and validation efforts were conducted investigating
the species conservation and energy equations for the condensed and gas phases [48, 53].
Experimental results exploring the proposed HAN solution electrolytic decomposition
mechanism were produced in the context of a combined electrolytic/thermal reaction
scheme [50]. Experimental data consisted of video, pressure, temperature, current, and species
concentration. One objective was to study the chemical species generated during HAN solution
electrolysis as a method for better understanding the mechanism. Two phase flow was observed
when a voltage of 30-50 VDC was applied with the detected major species being 𝑁2 𝑂, 𝑁𝑂, and
𝑁𝑂2 . Notably, slope breaks in the species concentration approximately corresponded to those
present in the solution temperature. The slope break correlation between species concentration
and temperature indicates a potential change in reaction mechanism [50].
Applied experiments using HAN-based monopropellants containing water indicated the
feasibility of the proposed electrolytic ignition mechanism [51]. The effect of applied voltage
and monopropellant formulation on the microthruster thrust and ignition delay was studied. The
electric current was also recorded and correlated to thrust development, particularly peak current
with peak thrust.
Additional electrolysis experimentation measured the electric current, voltage, and
temperature of the liquid HAN-based propellant as a function of time and at room
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conditions [55]. The collected data allowed calculation of the power, power density, energy, and
the propellant’s resistance as a function of electric voltage and electrode surface area. The
experimental results demonstrated a decrease in the ignition delay with an increase in applied
voltage.

As the electrode surface area increased the ignition delay decreased, reached a

minimum, and then increased. Finally, the conclusion was made that the rate of energy supplied
was more important than the amount of energy [55]. This translates into a lowered energy
requirement for a higher rate by applying a higher voltage.
Additional experimentation into the electrolytic decomposition of HAN/water solutions
investigated the role of electrode material, electric power input, and concentration effects [47].
Results indicated that sacrificial electrode materials such as copper and aluminum produced
increased HAN decomposition rates compared with inert electrodes such as carbon. Competing
electrochemical reactions between the metallic electrodes and the aqueous HAN can exist due to
differences in the standard electrode potentials. The oxidation of the metallic electrodes creates
metallic ions and electrons at the anode in addition to the electrons generated by water
electrolysis. The electrons are passed to the cathode where they are used in the HAN electrolysis
process, according to the proposed mechanism. Electrolytic oxidation of the metal electrodes was
concluded to be a significant factor for the increased HAN decomposition rates.
The aqueous HAN decomposition rate was experimentally observed to increase with
increasing HAN concentration [47]. A HAN concentration of 45 wt.% was deemed the threshold
value for autocatalytic decomposition over a short interval defined to be approximately 5 minutes.
For electrolytic HAN decomposition 70 wt.% was defined as the threshold concentration required
for complete decomposition. The concentration of water plays an important role in the absorption
of heat generated by the HAN decomposition. The evolved heat drives water evaporation and
thermal decomposition of HAN.
Electric power input was experimentally shown to increase the rate of HAN
decomposition [47]. An electric power threshold of 90 W was concluded necessary to trigger
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electrolytic decomposition of HAN. However, the effect was found not be consistent with
increasing electric power. Electric power in excess of 300 W was experimentally determined to
have a limited effect on further increasing the rate of HAN decomposition. The limitation was
connected to the availability of ions in the HAN/water solution. Accordingly, electric power of
100-300 W was considered the range for effective electrolytic decomposition of aqueous HAN.
Electrically controlled propellants, whether solid or liquid, are recognized as having
unique electrical properties offering advantages over their conventional propellant counterparts.
Detailed mechanisms have been proposed and experimentally investigated for electric liquid
propellants. While the electrolytic mechanism proposed for ELPs shares fundamental physics
and chemistry similarities with ESPs, a specific electrolytic mechanism for ESP is required due to
a few key differences. Firstly, the ELP electrolytic mechanism incorporates water electrolysis
where ESPs do not by design contain appreciable amounts of water in their formulation.
Secondly, ELP mechanisms require sufficient mobility of the positively charged species,
especially the hydroxylammonium ions. Species mobility within an ESP is lower and relies on
different transport phenomena. Finally, formulation differences may have unknown effects on
the electrolytic mechanism, albeit the effects may be minor. Therefore, a detailed electrolytic
mechanism explaining the electric response of electric solid propellant is necessary. However,
such a mechanism and related experimental results are not available in the public literature. The
novel contribution of this dissertation is to satisfy this knowledge gap by comparing
experimentation with an electric solid propellant electrolytic mechanism and presenting
experiment results investigating the key parameters affecting the mechanism.
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CHAPTER 3

APPLIED ELECTROCHEMICAL METHODOLOGY

Electric solid propellants (ESP) have demonstrated an observable response to an
electrical energy input. This chapter presents an overview of important concepts and theoretical
treatments pertinent to the electrochemical nature of ESP.

The description of the applied

electrochemical methodology begins with an introductory discussion of electrochemistry focusing
on fundamental concepts and their application within the ESP context. A brief definition of the
ESP local and global effect concepts follows. An overview of the ESP hypothesis is then
presented and contains Faraday’s laws of electrolysis and the electrolytic combustion hypothesis.
3.1

Electrochemistry
Fundamental concepts for electrochemistry will be presented as follows. A classic,

simple example using the electrolysis of water will help describe key concepts and results. The
fundamental concepts will then be applied in the context of ESPs regarding the previously
defined general formulation and configuration. Connection of electrochemistry to the observed
electrical response will be discussed in greater detail in a subsequent section.
3.1.1

Fundamental Concepts
A general definition for electrochemistry is the relationship between electrical and

chemical interactions and the chemistry involved in converting one chemical species to another
via the application of electrical energy. A classic example of electrochemistry is the electrolysis
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of water into hydrogen and oxygen by applying an ideal potential difference of 1.23 V as
illustrated in Figure 3.1. Note the electrolytic reactions result in the creation of new molecules at
specific locations.

+
2H O

2H +O

2
2
Figure 3.1 Electrolysis of 2Water Illustrating Fundamental
Concepts of Electrochemistry
Regarding Setup and Molecular Models of the Chemical Species Involved [56, 57].

The electrochemical decomposition of water requires the flow of electricity or electrons
more specifically. Pure water is a good electrical insulator and will therefore resist the flow of
electrons required for electrolysis. However, water is a good solvent for polar chemical species
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having a non-uniform electron distribution. Such species are ionic having a positive or negative
molecular charge. A combination of positive and negative ions resulting in an overall neutral
charge associated with the ionic bonds is called a salt. Ionic species dissolved in water are
required for electrolysis to occur because the ions serve as the charge transfer species. The ions
transfer the positive and negative charges through the solution to the appropriate electrodes. The
ionic charge transfer species facilitate the electron current passage through the solution
supporting the electrolysis of or electrochemical reactions of water. Without the salt dissolved in
the water, no electricity would effectively flow and the electrochemical reactions would not occur
resulting in no new chemical species being generated.
Furthermore, the ionic species present during electrolysis respond to the applied electric
field as illustrated in Figure 3.2 and will be attracted to the oppositely charged electrode. The
negative ions will migrate to the positive electrode or anode and the positive ions will migrate to
the negative electrode or cathode. The ions will undergo an electrochemical reaction upon
encountering the appropriate electrode. The overall effect is the depletion of charged species and
the generation of products or new species.

Electric Field

+

-

+

+

+

-

-

+

-

+
+

Figure 3.2 Positive Ions Responding to an Applied Electric Field with Negative Ions Implied
Migrating in the Opposite Direction.
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3.1.2

Electric Solid Propellant Context
The fundamental electrochemical concepts previously discussed and illustrated in the

example of water electrolysis apply to the ESP samples tested in this dissertation. However,
some important differences exist between the ESP samples and water electrolysis. Firstly, the
ESP samples are not a solution but are in a semi-solid state. Secondly, water is not present in the
formulation by design. Details regarding the ESP HIPEP formulation used in the experiment
projects can be found in prior chapters. However, despite these differences the fundamental
concepts of electrochemistry remain applicable for ESP. Additionally, for the current discussion
of fundamental electrochemical concepts in the ESP context, electrochemical reactions and
combustion are not being considered. The current discussion focuses on understanding key
concepts necessary for subsequent descriptions related to the hypothesis and experiment results.
Beginning with the need for charge transfer, the HAN salt provides the necessary positive
hydroxylammonium ions and negative nitrate ions as the charge transfer species. These ions
provide the effective current flow from one electrode, through the bulk propellant, and to the
oppositely charged electrode.

Without these ionic species no current would flow and no

electrochemical reactions would occur.
Furthermore, the HAN ionic species will respond to the applied electric field as the ionic
species did in the water electrolysis example. The positive hydroxylammonium ions will migrate
under the influence of the applied electric field to the negative electrode or cathode. The negative
nitrate ions will migrate due to the electric field to the positive electrode or anode.
The remaining component in the formulation effectively is the PVA binder. The PVA
polymer serves as the structure for the HAN and propellant as a whole and is an electrical
insulator. The PVA provides a physical transport mechanism and a resistance to the flow of the
HAN ionic species.

Possible transport mechanisms include ionic conduction, intercalation,

proton conduction, and crankshaft motion of the polymer chains. The combination of the PVA
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and HAN into a solid state propellant is similar in physical structure to a double-base propellant
and in fundamental electrochemical concepts to solid state electrochemistry.
3.2

Electric Solid Propellant Local Effect
The first of two effects observed during ESP experimentation is a localized effect [58].

Specifically, the term localized effect is used to describe the observed response to an applied
electrical energy input limited to a region surrounding and in very close proximity to an electrode.
The electrical response occurs only at an electrode and not throughout the bulk propellant or on
any exposed surface whether burning or non-burning. The electrical response is so localized
around an electrode that discerning the thickness of the response volume using typical visual
observations is impossible.
A diagram illustrating the ESP localized effect is shown in Figure 3.3. The diagram
shows a notional representation of a burning ESP sample. An electrical energy input is applied to
the electrodes with an associated electric field. The HAN ionic species migrate under the
influence of the electric field while inducing ohmic heating as an electrothermal process due to
PVA resistance to species flow. Upon encountering the appropriate electrode, the HAN ions
undergo electrochemical reactions resulting in current flow, generation of new species, and
localized propellant ignition at either the positive or negative electrode.

Specifics of the

electrochemical reactions are provided in the subsequent section on the proposed electrolytic
combustion theory. Finally, as discussed in the literature review, if the operating pressure is
above the approximately 200 psi pressure threshold for the HIPEP formulation, combustion is
expected at all exposed surfaces through thermochemical mechanisms.
Thermochemical reactions driving combustion may occur below this pressure threshold
but the extent is expected to be limited to a significantly reduced surface area and may not affect
all exposed propellant surface areas. Furthermore, provided the operating pressure is below the
pressure threshold, the HIPEP formulation is expected to extinguish with the removal of the
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applied electrical energy. As discussed in the literature review, these characteristics facilitate the
multiple start/stop operations and claimed burning rate throttling through electrical control.

-

+

Surface
combustion

Electrodes
+

Ohmic
heating
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Propellant
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ions

-

Nitrate ions
Electric Field

+

-

+

+

-

-

-

+
+

Figure 3.3 Electric Solid Propellant Localized Effect Using a Notional Representation of a
Burning Sample with an Applied Electrical Energy Input and Fundamental Electrochemical
Concepts.

-

+

3.3

+

Electric Solid Propellant Global Effect
The second of two effects observed during ESP experimentation is a global effect. The

term global effect is used to describe the observed large-scale burning characteristics at exposed
propellant surfaces whether initiated by the localized, electrochemical effect or sustained by a
thermochemical response due to pressure effects. A global effect can be observed with or without
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the application of an electrical energy input. Examples of such behavior would be the thermal
response of a sample to an external heat source only and burning above the pressure threshold due
to pressure effects and thermal feedback.
A diagram showing a notional comparison between conventional solid propellant and
electric solid propellant augmented burning characteristics at operating pressures above any
pressure threshold is provided in Figure 3.4. Note the conventional solid propellant free of any
burning rate enhancers illustrates a global effect only. The burning surface recedes as function of
increasing time perpendicular to the exposed surface area. The electric solid propellant has a
center electrode with applied electrical power resulting in the aforementioned localized effect. In
this example, electrical insulation may be applied to the center electrode thereby restricting the
ESP electrical contact to an exposed electrode surface area at the top of the propellant. This
defines the combustion volume according to the designed operation. The electrical insulation
must recede at the appropriate rate ahead of the propellant burning surface to maintain the proper
exposed electrode surface area. This maintains the propellant/electrode interface during a burn
and provides for multiple start/stop operations. The impact on the overall burning surface
morphology is a combination of the localized and global effects. In this case the electrically
augmented burning rate is expected to be localized around the center electrode and is governed by
the electrical response phenomena. The remaining propellant burns according to the global effect
and follows the standard burning rate law where the burning surface recedes as a function of
pressure and time perpendicular to the exposed surface area.
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Figure 3.4 Notional Comparison Between Conventional Solid Propellant and Electric Solid
Propellant Burning Surface Characteristics at Operating Pressures Above Any Pressure
Thresholds.

Note the propellant centerline is defined as the “0” position with outward radial distance
defined as the “x” direction. Furthermore, the burning surface recession with time is described by
the red, horizontal dashed lines with the generalized motion indicated by the arrows. For the ESP
example the center electrode can have a positive electrical polarity with the outer electrode being
negative.
A diagram further defining this concept but incorporating a coaxial electrode
configuration and inner electrode insulation regimes is given in Figure 3.5. Note the previous
diagram corresponds to the nominal situation in the current illustration. This diagram provides
conceptual expectations for generalized experiment responses. Specifically, these concepts lay
the framework for designing experiments, understanding experiment results, and interpreting
observed responses.
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Figure 3.5 Notional Electric Solid Propellant Burning Characteristics for Coaxial Electrode
Configurations and Anticipated Conceptual Effects Due to Three Different Inner Electrode
Insulation Configurations.

3.4

Electric Solid Propellant Hypothesis
The previously established fundamental electrochemical concepts have laid the

foundation for understanding the observed ESP electrical response and investigating via
experimentation the underlying physics and chemistry. Building upon this basis, this section
briefly discusses Faraday’s laws of electrolysis and a UAH proposed ESP electrolytic combustion
hypothesis. Specifically, the hypothesis addresses the observed ESP electrical response for the
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particular formulation while remaining generally applicable through the fundamental
electrochemical concepts.
3.4.1

Faraday’s Laws of Electrolysis
Faraday’s two laws of electrolysis quantitatively relate the amount of electrical charge

passed through an electrolyte to the quantity of chemical change produced and the molar mass.
The first law relates the quantity of mass deposited or liberated at a given electrode to be directly
proportional to the delivered quantity of electrical charge. The second law relates the amount of
mass deposited or liberated at an electrode as directly proportional to the molar mass of the
species for a given amount of electrical charge supplied. Faraday’s first law of electrolysis will
be used in the data analysis when comparing the observed experiment mass loss and current
profile with the expected mass loss defined by the theory in the following section.
Mathematically, Faraday’s laws of electrolysis can be represented by a single
equation [59] using the relationship

 Q  M 
m    
 F  z 

(3.1)

where m is the mass of the species deposited or liberated at the electrode, Q is the total quantity
of the electrical charge passed, F is the Faraday constant equal to 96,485.3329 C/mol (Coulombs
per mole of electrons), M is the molar mass of the species undergoing the electrochemical
reaction, and z is the valence number of the ionic species electrochemically involved at the
electrode. The valence number physically represents the number of electrons transferred per ion
and in a simple scenario is equal to the absolute value of the ion charge number. Whether the
aforementioned single equation is applied to the first or second law depends on which terms
known and which terms are desired to be determined [59, 60].
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As previously stated, Faraday’s first law of electrolysis will be used in the analysis
therefore the known terms become the Faraday constant, the molar mass of the species involved
in the electrochemical reactions, and the valence number of those species. The two remaining
terms determined experimentally are the mass of the species deposited or liberated and the
quantity of electrical charge passed. In a practical sense, when the electrical power is applied to
the test (sample), a measurable current is recorded along with the mass loss as determined by
subtracting the posttest mass from the pretest mass. However, application of Faraday’s first law
of electrolysis is complicated by the fact that the current may be a function of time. Therefore,
the simple, ideal case is a constant current scenario for electrolysis where

Q  It

(3.2)

with I defined as the measured current and t as the length of time the current was applied. This
simplified equation does not apply in all situations such as in the use of capacitor banks and
sequences of square waves as previously discussed. In these example cases, the time varying
nature of the electrical current in these applications requires the use of the integral form for
determining the total charge passed. Therefore, the slightly more complicated, real case is a time
varying current requiring integration of the current profile to determine the total charge passed as

t2

Q  I t dt



(3.3)

t1

where t1 and t 2 define the total time the current was applied. In the dc scenario the integral
form may be necessary for a regulated dc power supply producing a low ripple current. However,
in most cases the time variation of current may be considered negligible and the constant current
assumption is used.
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Note the number of moles, n , of a species deposited or liberated at an electrode due to
the passing of an electrical charge can also be calculated by dividing the mass by the molar mass
in the above equation, m M . Furthermore, the equivalent weight may also be encountered in the
literature and is determined by dividing the molar mass by the valence number, M z , in the
preceding equation. These additional mathematical manipulations provide a different perspective
to same physical processes occurring during the electrochemical reactions. The use of the mass,
moles, or equivalent weight parameter depends on the intended use of the data analysis results
and the physical representation desired.
Faraday’s laws of electrolysis as previously represented mathematically supplies one
component of the framework describing the observed electrical response of ESP. The proposed
electrolytic theory briefly discussed in the following section relies in part on these concepts and
mathematical treatments. The experimental efforts presented in subsequent sections also have a
portion of their basis not only in the proposed theoretical understanding but also the principles
and mathematics pertinent to Faraday’s laws of electrolysis.
3.4.2

Electrolytic Combustion Hypothesis
The proposed electrolytic theory will be briefly discussed in this section with additional

information and appropriate attribution for the work available in separate documents [61, 62].
The goal of this section is to provide an overview of the theory as applicable for the subsequent
experiment sections related to design, results, and comparison. Specific details related to ESP
have been discussed in the literature review chapter and the reader is referred there for a more in
depth treatment of the various technological aspects.

Note the following discussion and

characteristics are generalized simplifications of a complex, real process occurring across a wide
range of operational conditions for formulation, pressure, temperature, voltage, current, electrode
configurations, and various additional parameters. The theory is meant to provide a starting point
for improving the understanding of ESP electrical response while not supplying a complete
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theoretical framework.

Modifications to the theory are expected as experiment data and

additional theoretical components are incorporated.
For a general theoretical consideration, the ESP formulation used contains only two
ingredients which are polyvinyl alcohol (PVA) and hydroxylammonium nitrate (HAN). PVA is a
polymer functioning as a binder, three-dimensional structural matrix, fuel and is an electrical
insulator. The HAN is an ionic liquid serving as the oxidizer and additional fuel source, is an
electroactive species responding to the applied electric field and power, and is an electrical
conductor.

The HAN is capable of migrating through the PVA structure whether along a

concentration gradient or an applied electric field. The HAN ionic mobility within the ESP
sample provides continuous replenishment of ionic species as they are consumed either by
electrochemical or thermochemical mechanisms. Physically, these general characteristics support
the observed continuous electrical response of ESP under the application of electrical power.
A diagram illustrating a notional, generalized composition, configuration, and electrical
response of an ESP sample is shown in Figure 3.6. The molecular structures for PVA and HAN
serving as the two primary constituents of the example formulation are depicted in Figure 3.7.
Note the generalized, binary chemical composition, the use of an electrical circuit for ignition,
and the notional electrical response as evidenced by combustion occurring at the anode. This
generalized diagram represents an example configuration and response and is not meant to supply
a complete understanding of all possible variations.
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Figure 3.6 Notional Diagram Illustrating the Generalized Chemical Composition of an Electric
Solid Propellant Sample and the Electric Circuit Used for Ignition.

Figure 3.7 Molecular Structure of a) Polyvinyl Alcohol (PVA) and b) Hydroxylammonium
Nitrate (HAN).

The electrolytic theory defined in [61, 62] describes a first-order approximation of the
electrochemical and subsequent thermochemical reactions occurring at the anode and cathode and
the resulting overall combustion of the ESP sample. The theory accounts for all combustion
products represented in [5] and associated with the basic formulation provided in [19, 20]. The
basic formulation does not include cross-linkers, stabilizers, or any additives and therefore the
combustion products included in the theory reflect this. Beginning with the negatively charged
nitrate ions, they will be electrostatically attracted to the positively charged anode. Additionally,
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they will experience a force applied by the electric field and will be diffuse along the resulting
concentration gradient. Upon contact with the anode, the nitrate ions will be oxidized as they lose
an electron to the anode. Note the electrical circuit is complete so all electrons transferred out of
the ESP at the anode will travel through the circuit to the cathode where they will be transferred
into the ESP.
The theory states that the oxidation reaction

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 10𝑁𝑂3− → 5𝑁2 + 30𝑂 + 2𝑒 −

(3.4)

consumes 10 nitrate ions and generates 5 diatomic nitrogen molecules, 30 monatomic oxygen
radicals, and 10 electrons [61, 62]. Note the stoichiometric terms are not the least common
multiplies whole numbers as would be expected. The reason for this usage is explained later in
the discussion of the overall combustion reaction. The liberated oxygen radicals now act as the
oxidizer for subsequent chemical reactions, specifically combustion at the anode. The oxygen
radicals will be highly reactive given their electron orbital valence shells are deficient electrons.
Accordingly, the oxygen radicals will readily react with surrounding chemical species in order to
fill their valence shells.
In particular, the PVA surrounding the propellant electrode interface provides the fuel for
which the oxygen radicals to chemically react. Furthermore, the transfer of electrons from the
nitrate ions to the anode will supply thermal energy or heat due to ohmic resistance or Joule
heating. The electrode surface area is required to be sufficiently small resulting in a current
density appropriately high to produce the necessary heat for combustion. Therefore, the overall
reaction occurring at the anode

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐴𝑛𝑜𝑑𝑖𝑐 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 8𝐶2 𝐻4 𝑂 + 10𝑁𝑂3− → 5𝑁2 + 6𝐶𝑂2 + 10𝐶𝑂 + 16𝐻2 𝑂 + 10𝑒 − (3.5)
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consumes 8 monomer units of PVA and 10 nitrate ions and produces 5 nitrogen molecules, 6
carbon dioxide molecules, 10 carbon monoxide molecules, 16 water molecules, and 10
electrons [61, 62].
The electrochemical reactions used electrical energy to convert chemical species into an
oxidizer not previously existing in the ESP.

Furthermore, the combination of the flow of

electrons through an appropriately sized electrode surface area produced sufficient heat for
combustion of the surrounding propellant providing the source of fuel. The presence of an
oxidizer, heat, and fuel in the same location results in ESP combustion as illustrated in Figure 3.8
as a fire triangle. The removal of any one of the three sides of the fire triangle will cause
combustion to stop. Therefore, the application and removal of an electric current supplied to an
ESP sample controls the electrolytic generation of the oxidative species resulting in propellant
combustion at atmospheric pressures.

Fire

Fuel

Figure 3.8 Fire Triangle Representing Oxidizer, Heat, and Fuel Components Necessary for
Combustion.
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While

the

nitrate

ions

are

electrochemically

reacting

at

the

anode,

the

hydroxylammonium ions are electrochemically reacting at the cathode such that the two reactions
balance across the entire system. The hydroxylammonium ions are positively charged and will be
electrostatically attracted to the negatively charged cathode. They will also experience a force
from the applied electric field and diffuse along the concentration gradient.

When the

hydroxylammonium ions encounter the cathode, they will be reduced and will gain an electron
from the cathode. Again, the electrical circuit is complete meaning the electrons transferred into
the ESP at the cathode traveled through the circuit from the anode where they were transferred
out of the ESP.
For the reduction reaction the theory states

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 10𝑁𝐻3 𝑂𝐻 + + 10𝑒 − → 5𝑁2 + 10𝑂𝐻 + 15𝐻2

(3.6)

10 hydroxylammonium ions and 10 electrons are consumed and generate 10 hydroxyl radicals, 15
hydrogen molecules, and 5 nitrogen molecules [61, 62]. The hydroxyl radicals liberated at the
cathode electrochemically serve as the oxidizer for chemical reactions and combustion at the
cathode. The hydroxyl radicals will be highly reactive due to the electron deficiency in the
valence shells of their electron orbitals. Therefore, the hydroxyl radicals will readily react with
the surrounding chemical species in order to fill their valence shells.
As with the anode environment, the propellant electrode interface at the cathode is
surrounded by PVA supplying the fuel for chemical reactions due to the hydroxyl radicals.
Furthermore, the transfer of electrons to the hydroxylammonium ions from the cathode will
produce heat due to Joule heating. The current density must also be sufficiently high to yield heat
necessary for combustion. This can be achieved in one approach by ensuring the electrode
surface area is appropriately sized or small enough for a given electrical current passing through
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the cathode. Combining the electrochemical and thermochemical reactions yields the overall
reaction occurring at the cathode defined as

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐶𝑎𝑡ℎ𝑜𝑑𝑒 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛: 10𝐶2 𝐻4 𝑂 + 10𝑁𝐻3 𝑂𝐻 + + 10𝑒 − → 5𝑁2 + 20𝐶𝑂 + 40𝐻2(3.7)

where 10 monomer units of PVA, 10 hydroxylammonium ions, and 10 electrons are consumed to
produce 5 nitrogen molecules, 20 carbon monoxide molecules, 40 hydrogen molecules [61, 62].
Similar to the anode, electrochemical reactions at the cathode used electrical energy to
affect a chemical change such that new species were created that were not originally present.
Additionally, the electrochemical reactions generate an oxidizer while the resulting flow of
electrons may produce sufficient thermal energy in the presence of a fuel resulting in combustion.
The occurrence of all three circumstances in the same location with the accompanying
combustion response is illustrated in the fire triangle of Figure 3.8. Again, removal of any one of
the three sides of the fire triangle will result in the extinguishment of the propellant.
Combining the anode and cathode reactions yields the overall combustion reaction

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛:

10𝑁𝐻3 𝑂𝐻 + + 10𝑁𝑂3− + 18𝐶2 𝐻4 𝑂 → 10𝑁2 + 6𝐶𝑂2 + 30𝐶𝑂 + 16𝐻2 𝑂 + 40𝐻2

(3.8)

with 10 hydroxylammonium ions, 10 nitrate ions, and 18 PVA monomer units consumed and
producing 10 nitrogen molecules, 6 carbon dioxide molecules, 30 carbon monoxide molecules, 16
water molecules, and 40 hydrogen molecules as combustion products [61, 62]. Note that the 10
hydroxylammonium and nitrate ions combine to equal 10 molecules or moles of a HAN salt.
Also, the overall combustion reaction stoichiometric terms have not been reduced to their least
common multiples resulting in whole numbers as would be expected. They have been written for
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consistency with the anode and cathode reactions according to the reaction set having the
stoichiometric terms with the largest least common multiple whole numbers. The intent was to
eliminate any confusion when comparing reaction sets and easily relate quantity of species across
the theoretical equation framework.
Finally, the overall combustion provides important data about the combustion and
electrochemical responses according to the electrolytic theory. For one mole of electrons passed,
one mole of HAN and 9/5 moles of PVA will be consumed. Because the moles of electrons are
measured during an experiment as current, the theoretical mass loss can be calculated and
compared with the mass loss measured for each test. However, the theory is limited to the
thermochemical mass loss directly associated with the proposed electrochemical reactions. The
theory does not account for additional purely thermochemical reactions occurring independently
but consequentially to the electrochemical and thermochemical reactions stated in the theory.
Therefore, the comparison between the theoretical and experimental mass loss is a figure of merit
regarding the general response, performance, and efficiency of the specific test configuration and
a verification of the accuracy of the proposed electrolytic theory.
The previous discussion presents the theoretical understanding in the context of a fire
triangle where an oxidizer, heat, and fuel must be present at the same location at the same time in
order for combustion to occur. Firstly, at the beginning of each test the ESP sample has not been
previously burned or influenced by an electrical field or source of power.

Secondly, an

assumption is made that the propellant electrode interface for the anode and cathode have the
same concentration of PVA, nitrate ions, hydroxylammonium ions, pressure, and temperature and
that these concentrations and environments are the same as those found in the bulk propellant,
which is at an appropriate distance from the electrodes.
Therefore, the fuel concentration is the same at the anode and cathode at the beginning of
each test. Also, the number of electrons transferred to the anode equals those transferred from the
cathode throughout the test. Finally, the oxidizer species, chemical reactivity, and quantity are
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governed by the electrochemical reactions occurring at the anode and cathode as the test
progresses.
The notional diagram in Figure 3.6 shows an anode and cathode of equal surface areas
resulting in an anode:cathode surface area ratio equal to 1:1. Therefore, in addition to the fuel
concentration being equal at the anode and cathode, the current density will also be equal at both
electrodes because the electrode surface areas and the number of electrons flowing through those
areas will be equal. The remaining side of the fire triangle is not equal at the anode and cathode
with the oxidizer generated at each electrode being defined by the theory.
The question becomes will ignition and combustion be expected to occur at one or both
electrodes? Furthermore, if combustion is expected at only one electrode then the question
extends to which electrode should demonstrate preference for combustion? Finally, will the
electrode burning location preference be consistent for all tests?
An important distinction can now be made between the oxidizers, associated reactivity,
and expected combustion response based on the electrolytic theory. The oxygen radicals are
expected to be more chemically reactive than the hydroxyl radicals. This distinction between the
two electrochemically generated oxidizers according to the theory was noted through discussions
with Dr. Baird who proposed the electrolytic theory [61, 62]. The difference is due to the
hydroxyl radical having hydrogen bonded to the oxygen while the oxygen radical lacks any
additional bonds.

Furthermore, three times the number moles of the oxygen radicals are

generated per mole of electrons passed than moles of the hydroxyl radical for the same number of
electron moles. These distinctions may contribute substantially to differences observed in the
combustion behavior of ESP samples when the anode:cathode area ratio equals 1:1.
Additionally, regardless of the accuracy of the theory, different chemical species would
be expected between the anode and the cathode due to electrochemical reactions. These different
species would be expected to have differing chemical reactivities. The resulting thermochemical
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reactions would also be expected to have different amounts of energy release and therefore
different combustion responses.
The next logical step in the discussion addressing the aforementioned questions on
expected ignition and combustion behavior is the electrode configuration where the anode and
cathode do not have equal surface areas and therefore the anode:cathode area ratio does not equal
1:1. Again, the fuel concentration is assumed to be equal at the anode and cathode. Furthermore,
the oxidizers generated at both electrodes are assumed to be those defined in the theory. The
electrochemical reactions, resulting oxidizers, and oxidizer quantities per mole of electrons
passed are expected to be identical whether large or small electrode surface areas are used for
either electrode. The remaining fire triangle side not equal in this case is the heat component.
For a given electrical current or equal quantity of electrons flowing through the anode
and cathode, the current density will not be equal because the anode:cathode area ratio is not 1:1.
Practically, one electrode will be larger than the other such that the smaller electrode will have a
higher current density. Additionally, the differences in the electrode surface areas are assumed to
be significant thereby yielding substantially different current densities affecting the observed
combustion response during a test. Therefore, while the fuel concentrations are equal at both
electrodes and the oxidizers and quantities generated are those stated in the theory, the
significantly large differences in current densities between the electrodes determines the burning
location electrode. The electrode surface areas and area ratios affecting current density may then
account for differences observed in the ESP combustion behavior when the anode:cathode area
ratios are not 1:1.
As an example, for a given test a more chemically reactive oxidizer may be generated at a
larger electrode surface area with the current density and therefore the heat supplied through
Joule heating being too low for combustion. Conversely at the smaller electrode surface area, a
less chemically reactive oxidizer may be generated but the current density may be high enough to
produce the necessary heat resulting in combustion. This scenario may also be reversed in some
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tests regarding the electrode surface area with the smaller electrode having the more chemically
reactive oxidizer and sufficient heat thereby resulting in combustion. At the larger electrode the
less chemically reactive oxidizer is generated with low current density therefore with no resulting
combustion.
While combustion may not be occurring at the larger electrode surface area, the
electrochemical reactions progress proportional to the electrical current according to theory,
including limited thermochemical reactions not resulting in combustion. The reaction products
generate gases and potentially liquids having practical implications on the physical boundary
layer at the propellant/electrode interface. Specifically, the reaction products could adversely
affect propellant adhesion to the electrode causing propellant debonding. The result would be an
effective lubrication at the propellant/electrode interface increasing the exposed propellant
surface area. The outcome would be the unintended increase in the propellant burning surface
area causing an uncontrolled burning rate increase adversely affecting the propellant
performance. Furthermore, the propellant could be ejected from the electrode pair configuration.
As an example of the application of the theory to a more applied scenario, a diagram
depicting a coaxial ESP configuration with concentric cylindrical electrodes is provided in Figure
3.9. The previously discussed formulation components and electrolytic theory can be applied to
this example. This diagram is meant to provide a bridge between the theoretical, experiments
relevant to this research, and applications seen in the literature review and any future
developments.
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Figure 3.9 Generalized, Applied Electric Solid Propellant Coaxial Configuration of Concentric
Cylindrical Electrodes and the Relevance of the Electrolytic Theory and Fire Triangle for
Combustion.

The propellant is cast between the electrodes with a limited propellant electrode interface
at the center electrode. The propellant is conceptually divided into the PVA fuel on the left and
the HAN ionic liquid on the right. Application of the electrical energy results in the ionic species
migration along the electric field lines and concentration gradients resulting in the electrolysis of
HAN. The electrolytic theory defines the generated species and their quantities proportional to
the applied electrical current. For example, the O oxidative species is generated at the anode and
chemically reacts with the PVA fuel along with sufficient ohmic heating thereby resulting in ESP
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combustion. The combination of the oxidizer, fuel, and heat in sufficient quantities at this
location completes the fire triangle thereby producing propellant combustion.

Note the

electrochemical reactions generate additional species at the anode along with products at the
cathode.

Additionally, the

electrochemical reactions

are

highly localized

to the

propellant/electrode interface. The ESP electrolytic theory is confined to this region with any
accompanying thermochemical reactions limited to those defined by the theory. Any propellant
combustion beyond that predicted by the theory and located away from the propellant/electrode
interface is due to a separate thermochemical mechanism dependent upon pressure and thermal
effects. Additional processes may be present in the overall ESP combustion mechanism not
presented in the previous discussion.
This chapter has presented and discussed fundamental electrochemistry concepts and
summarized the ESP electrolytic theory. The discussion established the basic electrochemical
concepts necessary for understanding and interpreting the experimentation presented in this
dissertation.

Specifically, the generalized electrical response behavior was identified with

thermochemical reactions being a secondary result of the electrochemical reactions. However,
understanding the thermal response allows a differentiation between the observed thermal and
electrical burning characteristics through the experiment data and results.
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CHAPTER 4

FLAME SENSITIVITY EXPERIMENTATION

The ESP Flame Sensitivity Experiment Project benefit is through supplying an
independent evaluation of the ESP thermal sensitivity/response and a demonstration of the
non-ignition and thermal insensitivity characteristics. The laboratory experiments used a small
ESP bulk sample and a soldering torch for five time duration set points within an envelope of
5-60 seconds. Experiment data consist of digital images and video, pretest and posttest mass,
butane torch and propellant heat of reaction/combustion calculations, and microscope digital
photography of the virgin propellant and burn surface.
The ESP samples did not ignite from applied heat for the HIPEP 501a formulation at
atmospheric pressure and temperature. An ignition dependence on the thermal energy input or
the exposure time was not demonstrated. The results validate and reproduce the DSSP-supplied
data and demonstrate the non-ignition and thermal insensitivity characteristics for the conditions
investigated.
This chapter discusses the flame sensitivity experiments conducted on bulk ESP samples.
The purpose, objectives, scope, design, setup, results, discussion, and conclusions are presented.
Emphasis is placed on experiments capable of investigating the first-order effects of thermal
impingement on an ESP sample.
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4.1

Introduction
One benefit of the baseline ESP HIPEP formulation is flame insensitivity at atmospheric

pressure and temperature resulting in a non-ignition event and no self-sustained burning. This
characteristic of ESP contrasts the flame sensitivity of conventional solid propellants capable of
ignition and self-sustained burning at atmospheric conditions. The flame insensitivity of ESP is
limited to operating pressures below the self-sustained burning pressure threshold and is affected
by metal content in the formulation.
The HIPEP flame insensitivity has been demonstrated by DSSP through publicly
available videos [7]. The ESP sample prior to, during, and after flame application is shown in
Figure 4.1 containing key video frames. A small ESP sample is exposed to a heat source for
approximately 9 seconds and does not ignite like a conventional solid propellant. The video
shows what appears to be a small amount of flame during the test but the sample does not change
substantially. The sample smolders slightly and briefly following removal of the heat source.

Figure 4.1 Video Frames from the DSSP HIPEP Flame Insensitivity Demonstration Showing a
Small Electric Solid Propellant Sample a) Prior to Application of the Heat Source, b) During the
Test, and c) After Removal of the Heat Source: Taken and Edited from [7].

4.2

Purpose
The purpose of the flame sensitivity experiments is to evaluate the thermal sensitivity of

bulk ESP samples and provide a qualitative assessment of the thermal effects of the
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non-metallized, baseline ESP HIPEP formulation through fundamental experimentation.
Additionally, the experiments are designed to investigate the thermal response burning
characteristics separate from an electrical energy input. The experimentation is meant to provide
a qualitative assessment of a purely thermal response. This qualitative assessment can then be
used to help differentiate between burning characteristics due to an electrical response and those
caused by a thermal response. The qualitative assessment of the thermal effects provides a “yes”
or “no” determination of an ignition event. Ignition is defined as observed for conventional solid
propellants where a heat source applied to the propellant results in an energetic, self-sustained
burning.
The significance of the experiments is the first-order determination of the ignition
dependence on the thermal energy inputs, reproduction of the DSSP demonstration, and
evaluation of the thermal response for comparison with the electrical effect response. The
anticipated results prior to experimentation were that no ignition would occur, burning would be
limited to non-energetic surface reactions ceasing upon removal of the heat source, and propellant
surface charring. The expected conclusion was that the thermal energy supplied by the heat
source would be insufficient for ignition at atmospheric pressure and temperature thereby
supporting the flame insensitivity characteristic. The preliminary findings of this work were also
documented in [58].
4.3

Objectives
The objectives of the flame sensitivity experiments are to determine the mass loss with

burning time relationship and define a qualitative ignition and burning behavior with time. The
experiments investigated if the mass loss will change with the total amount of time a flame is
applied. Additionally, the experiments evaluated the burning behavior and extent the propellant
undergoes through thermochemical reaction or decomposition.

The ignition and burning

behavior is defined as where and how the propellant responds to applied flame. Specifically,
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these behaviors consist of the physical appearance and description of how the propellant burns.
Furthermore, the experiments evaluate how these behaviors change with the total amount of time
a flame impinges on the propellant.
4.4

Scope
The scope consists of the formulation used, propellant sample dimensions, test

conditions, and equipment used. The ESP formulation used in all experiments is HIPEP 501a as
supplied from Digital Solid State Propulsion (DSSP). Small bulk propellant samples used for
testing are cut from existing larger samples supplied by the vendor as burn strips. Smaller, cut
samples were used to conserve the available propellant inventory.

Pedigree information is

recorded and maintained for the propellant inventory. This information consists of a unique serial
number, formulation, batch, manufacture date, ship date, storage history, parent sample data,
child sample data, and additional information as applicable.
A new sample will be used for each test. Each sample will have a mass of approximately
0.2 grams. Each sample will have physical dimensions of approximately 0.19 inches in width,
0.19 inches in height, and 0.25 inches in length. Tight tolerances on the dimensions, mass, and
consistency were not required for these experiments. Variations were present depending on the
location of the sample within the propellant. Furthermore, the samples were cut by hand using
rough guides which resulted in an acceptable degree of variation among the cut samples.
All tests were conducted at atmospheric pressure and temperature.

Testing at

atmospheric pressure allows for extinguishment of the ESP sample once the heat source is
removed. This is an inherent property of the HIPEP formulation due to the pressure threshold for
self-sustained burning as documented in the literature review chapter. The flame source will be a
small handheld torch whose flame size will be roughly and qualitatively the same size as the
propellant sample. A high level of control or measurement of the flame and fuel flow is not
required for these experiments. Regarding the burning time, specified time durations will be used
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and high accuracy or precision is not required for these experiments given their nature and the
desired outcome. Additionally, a visual assessment of the burning surface and boundary layer
will be recorded.
4.5

Experiment Design
The experiment design is a pilot test series serving to demonstrate the objectives,

qualitatively evaluate the thermal response, and quantitatively estimate the burning time
relationships discussed previously in the objectives section.

The test matrix for the flame

sensitivity experiments is given in Table 4.1. A total of 5 tests are included in the test plan with
the burning time ranging from 5 to 60 seconds. Note a single test was planned for each time
duration set point. All tests were performed at atmospheric pressure and temperature. Exact time
durations were not required and the actual times were recorded for each test. All samples tested
were from the HIPEP 501a formulation with the generalized formulation given in Table 4.2
defining weight percent, ingredient, and function [19, 20]. A more detailed discussion of the
HIPEP 501a formulation is available in the literature review. All tests use the same handheld
soldering torch. Experiment data consists of digital images and videos, pretest and posttest mass,
heat source and propellant heat of combustion/reaction calculations, and microscope digital
photography of the virgin propellant and burn surface.

Table 4.1

Electric Solid Propellant Flame Sensitivity Experiment Project Test Matrix.
Test
1
2
3
4
5

Sample
C1
C2
D1
D2
E1

Time Duration (s)
5
10
15
30
60
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Initial Propellant Mass (g)
0.1606
0.1869
0.1915
0.1883
0.1792

Table 4.2 HIPEP 501a
Experimentation [19, 20].

Generalized

Formulation

Ingredient

Wt.%

HAN

85

PVA

15

Used

in

the

Thermal

Sensitivity

Function
Electroactive species
Oxidizer
Binder
Fuel

The approach is to apply a heat source to a small ESP sample for the time durations of
interest. The smallest propellant sample possible was used to minimize propellant usage thereby
conserving sample for subsequent tests. The time durations were selected to include the DSSP
demonstration duration and investigate long duration thermal exposure effects.
4.6

Experiment Setup
The ESP Flame Sensitivity Experiment Project setup is illustrated in Figure 4.2. The

necessary components are an ESP sample, size reference object, nonflammable work surface and
area, blow torch, stop watch, video camera, and still camera. The layout defines the important
components and characteristics required for a specific configuration.
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Figure 4.2 Electric Solid Propellant Flame Sensitivity Experimental Setup Schematic Illustrating
the Necessary Components and a Notional Layout.

A picture of the experiment setup used during the testing is displayed in Figure 4.3.
Testing occurred in the fume hood of the High Pressure Laboratory (HPL) of The University of
Alabama in Huntsville (UAH) Propulsion Research Center (PRC). The fume hood provides
continuous ventilation of the combustion products and appropriate safety measures.

A

Bernzomatic ST200/250 butane soldering torch was used as the heat source with a butane lighter
ignition source. Flammable materials and propellants in the laboratory were safely secured
throughout testing operations involving the open flame from the soldering torch. The safe
locations and operations are defined in the standing laboratory procedures and in the Standard
Operating Procedure for these experiments. All procedures are rigorously reviewed by PRC staff
and students prior to beginning experimentation.
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Figure 4.3 Electric Solid Propellant Flame Sensitivity Experimental Setup Showing the
Components and Layout.

A close-up view of the ESP sample in the aluminum weighing dish component of the
experiment setup is shown in Figure 4.4. The ESP sample is the pink object in the left of the
image with a penny shown for scale. The sample sits in an aluminum weighing dish to contain
any debris, residue, and solid combustion products. The Bernzomatic ST200/250 handheld
soldering butane torch used as the flame source is shown in Figure 4.5.

Figure 4.4 Close-Up View of the Electric Solid Propellant Sample in the Aluminum Weighing
Dish Component of the Experiment Setup.
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Figure 4.5 Electric Solid Propellant Flame Sensitivity Experimentation Handheld Soldering
Butane Torch.

A real-time, color video camera recorded each test; and digital, color still images
captured the sample pretest and posttest states. Sample masses were measured pretest and
posttest for determining mass loss. A computer stopwatch was used to measure the burning time
with start, stop, and important times announced. While the time durations in the test matrix were
used as goals, the actual burning times were recorded for each test and output from the computer
stopwatch as text files.
The experiment setup used for capturing digital, color still images of the ESP samples
through the laboratory microscope is presented in Figure 4.6. The setup consists of a still camera,
microscope, camera adapter, LED work lights, and a sample holder. The sample holder can be
Kimwipes, aluminum foil, or any materials chemically compatible with the propellant.
Aluminum foil was used during the majority of the operations and a Kimwipe is shown in the
figure.
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Figure 4.6 Electric Solid Propellant Flame Sensitivity Microscope Photography Experiment
Setup Showing the Components and Layout.

Traceability data for the ESP samples consist of the serial number, formulation, batch,
manufacture date, ship date, storage history, parent sample data, and additional information as
necessary to document the sample’s pedigree. The samples tested were cut from the parent
sample with serial number UAH1A08 consisting of the HIPEP 501a formulation. The parent
sample was received from DSSP as a powered burn strip configuration. The child samples were
cut November 2014 into 6 approximately equal sizes and labeled A-F. Grandchild samples were
cut from samples C-E into 2 approximately equal sizes and labeled C1, C2, D1, D2, E1, and E2.
Samples C1-E1 were used during the experimentation. All samples are bulk propellant and
contain two cylindrical holes resulting from removal of the electrodes from the original burn strip
configuration parent sample.

The holes have an approximate diameter on the order of

0.025 inches. These holes were not expected to introduce any significant abnormal burning
characteristics.
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The average pretest mass was 0.1813 g.

The sample pretest dimensions were

approximately 0.177 inches in width, 0.171 inches in height, and 0.2465 inches in length. The
dimensions varied slightly for each sample depending on their position within the parent sample
and individual cut. Exact dimensions and mass were not necessary for these experiments.
4.7

Experiment Results and Discussion

The ESP Flame Sensitivity Experiment Project overall test results are given in Table 4.3. All 5
experiments were completed October 29, 2015 following the experiment plan previously
discussed. All 5 tests demonstrated a non-ignition event and thermal insensitivity of the ESP
samples for the conditions investigated. For the purposes of these experiments an ignition event
is defined as an energetic reaction and self-sustained burning such as observed with conventional
solid propellants. The ESP surface would char in a similar fashion as the DSSP demonstration
but would not energetically react. Additionally, the ESP sample did not exhibit self-sustain
burning and would slightly and briefly smolder following removal of the heat source. The sample
was completely consumed after approximately 60 seconds as evidenced by the mass loss percent
being 97.54%. The remaining mass of 2.46% is expected to be residual char with no virgin
propellant or intermediate reactants.

Table 4.3

Electric Solid Propellant Flame Sensitivity Experiment Project Overall Test Results.

Test Sample Ignition
1
C1
No
2
C2
No
3
D1
No
4
D2
No
5
E1
No

Time Duration
(s)
Target Actual
5
5.43
10
13.03
15
14.24
30
29.85
60
63.63

Pretest
Mass (g)
0.1606
0.1869
0.1915
0.1883
0.1792
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Posttest
Mass (g)
0.1462
0.1464
0.1590
0.1192
0.0044

Mass
Loss (g)
0.0144
0.0405
0.0325
0.0691
0.1748

Mass Loss
Percent
(%)
8.97
21.67
16.97
36.70
97.54

The actual time durations were determined by reviewing the test video and noting the
start and stop times for flame impingement upon the ESP sample. All 5 experiments have actual
time durations matching the target values fairly well with the exception of the 10 second target of
test 2. Differences between the target and actual time durations result from operational error
caused by manually reading the stopwatch and controlling the soldering torch.

Additional

difference is introduced by flame out/relighting events of the torch during a test. These events are
discussed in a subsequent paragraph in this subsection. The actual time durations must not match
the target values identically for these experiments. The actual times are sufficient because the
primary objective was to determine whether an ignition event would occur.
The pretest and posttest mass measurements are also presented. These measurements
were taken using the laboratory’s analytical balance. The mass loss and mass loss percent values
were calculated from the measurements. Mass loss is affected by operational error sources and
variability in the butane soldering torch operation.

Sources of operational error include

positioning of the flame relative to the ESP sample, reproducibility across the set point envelope,
and reliability of the flame/sample orientation during the test.
The largest difficulty was maintaining a continuously lit butane soldering torch. The
torch would extinguish during a test in an unpredictable fashion. The challenge was resolved by
relighting the torch during the test and reapplying the heat source to the sample. The actual time
duration reflected in the overall test results is a cumulative total of the thermal exposure time if a
mid-test relight was necessary.
Posttest images of each sample are given in Figure 4.7. These images show the extent of
surface charring, size comparison relative to a U.S. penny, and burn progression as a function of
time. The sample would readily char upon flame impingement, and the char layer would increase
in volume toward the flame. Sufficient application of heat would result in a region between the
virgin propellant and burn surface where vigorous foaming and yellow/orange discoloration was
observable.

This burn behavior would continue after removal of the heat source for an
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approximate time period of less than 1-2 seconds depending on the thermal exposure time.
Longer exposure times would produce a more fluid foaming and discoloration region allowing
the char layer to shift position slightly. The foam would burn in place and be pushed toward the
flame by the new foaming region underneath.

The burn behavior was reminiscent of the

intumescent reactions giving black snake fireworks their resemblance of a snake.

Figure 4.7 Electric Solid Propellant Flame Sensitivity Experiment Project Posttest Images
Showing Extent of Charring.

The heats of combustion/reaction for the butane soldering torch and ESP sample were
calculated and combined with the experiment data to determine heating rates, total applied heat,
and a mass loss/heating rate relationship.

The resulting values constitute first-order

approximations for comparison purposes. The heat of combustion for the butane torch included
mass loss experiments as previously described. The heat of reaction for the ESP sample was
calculated using the heats of formation for the major products and reactants using the mass
fractions available in the public literature. The standard heat of combustion calculated for butane
and ESP is the lower heating value (LHV) given the water combustion product remains in the
gaseous state and is not condensed. The major results are as follows.
A graph showing the ESP mass loss, heat applied by the butane soldering torch, and the
heat released from the ESP sample for each experiment set point as a function of time is
displayed in Figure 4.8.

The butane soldering torch had an average mass flow rate of
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1.1x10-3 g/s, heat release of 45.722 kJ/g, and an average heating rate of 50.4 J/s. The ESP sample
had an average mass flow rate of 2.6x10-3 g/s, average mass loss per applied heat of 5.2x10-5 g/J,
heat release of 2.996 kJ/g, average heating rate of 7.9 J/s, and an average estimated burning rate
of 2.5 mil/s or milli-inch/s. The burning rate is estimated through the mass loss percent for each
sample. The ratio of the ESP heat of reaction to the butane heat of combustion was calculated to
be 0.163. The ratio of the ESP heat of reaction to the total heat of reaction was calculated to be
0.140. The total heat of reaction is the ESP heat of reaction plus the butane heat of combustion.

Figure 4.8 Electric Solid Propellant (ESP) Flame Sensitivity Experiment Project Data Showing
the ESP Mass Loss, Heat Applied by the Butane Soldering Torch, and Heat Released from the
ESP Sample.
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Following completion of all 5 set points of the experiment plan the samples were imaged
using the laboratory’s microscope. A camera adapter was installed enabling a still camera to
document the magnified images. The digital, color images show the virgin propellant, burn
surface, and the burn front boundary region. Each sample was cut in half perpendicular to the
burn surface in an attempt to improve visualization of the burn front boundary region. Test 5 at
the 60 second set point was not altered due to the complete combustion of the ESP sample.
However, the sample was imaged using the microscope to view the char residue.
Representative images showing the close-up views along with the unmagnified posttest
pictures are presented in Figure 4.9. The pink virgin propellant is clearly visible and appears
unaffected during the experiments. The burn surface is also clearly visible as char and is located
only where the flame impinged on the propellant surface. Orientation of the flame relative to the
ESP sample may have allowed heat to reach multiple faces resulting in the observed burn around
the edges. A burn front boundary region or reaction zone is not clearly observable. The reaction
zone appears to be very thin and therefore difficult to observe with the available laboratory
microscope.
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Figure 4.9 Electric Solid Propellant Flame Sensitivity Experiment Project Representative
Microscope Images and Posttest Pictures Showing the Virgin Propellant, Burn Surface, and Burn
Front Boundary Region.

The ESP is similar to a double-base propellant and as with most solid propellants the
reaction zone is very thin. The inherent thermal insulation characteristics limit heat transfer to a
thin layer ahead of and advancing with the burn surface. The exact thermal characteristics of ESP
were not investigated and therefore the thermal gradient was not measured. These data were out
of scope for these experiments that were meant as a qualitative assessment of the ESP thermal
sensitivity.
4.8

Conclusions and Significance
The experiment data, analysis, and observations demonstrate the ESP samples will not

ignite from applied heat for this formulation at atmospheric pressure and temperature. The extent
of reaction is the formation of a char layer wherever the heat source impinges on the propellant
surface. The ESP sample did not ignite in a manner analogous to a conventional solid propellant.
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There was no ignition dependence on the thermal energy input or the exposure time for a heating
rate of 50.4 J/s, heat flux of 1.645x106 J/s/m2, and heat exposure times up to 60 seconds.
These experiments demonstrate the ESP HIPEP 501a formulation non-ignition and
thermal insensitivity characteristics. Furthermore, the experiments validate and reproduce the
DSSP supplied data and demonstrations relevant to satisfying the insensitive munitions
compliance in the context of an impinging flame.

The experiments provide a qualitative

assessment of the purely thermal effects and a quantitative first-order approximation of
performance parameters for the conditions investigated. The flame sensitivity experiment data
and thermal response provides an approach for separating thermal and electrical effects and
responses during experiment projects involving electrical parameters.

The thermal

decomposition mechanisms exhibited in these experiments will be different than the electrical
decomposition mechanisms investigated in subsequent projects.

Furthermore, the observed

thermochemical reactions are anticipated to be present along with the electrochemical reactions
due to the heat generated.
From a practical standpoint, these results indicate the material would resist ignition in
situations of external fire.

This is desirable for shipboard operations or storage.

For a

comparison, conventional solid propellants typically ignite when exposed to flames. Also, from a
practical standpoint, if this material were extinguished and awaiting reignition in a throttling
application, the propellant would continue a slow deflagration when exposed to the hot gases.
Therefore, while the material would not be burning, the propellant could be deflagrating and
releasing gases in a hot gas environment.
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CHAPTER 5

ELECTRICAL RESPONSE EXPERIMENTATION

Electric solid propellant electrical response experiment results are presented and
discussed in this chapter. The experiment data, results, and conclusions are new contributions to
the field not previously existing in the public domain. The significance is the filling of a
knowledge gap on ESP through fundamental laboratory experimentation. The resulting datasets
facilitate the determination of a burning rate relationship, theoretical to experiment comparison,
power calculation correlated with experiment design factors, dc electrical conductivity
calculations, burning behavior qualitative assessments, and estimated burning volume to
experiment comparison. Additional parameters can also be calculated using the datasets. The
experiment data, results, and conclusions provide significance through the enhanced theoretical
and experimental understanding of the observed ESP electrical response.
5.1

Introduction
Some electric solid propellant formulations have demonstrated a start and stop burning

capability at atmospheric pressures with the application or removal of a voltage. The electrical
response is thought to partly depend significantly on the electrode geometries, electrical signal,
and relative polarity of the electrodes. The electrolytic combustion theory from Chapter 3
hypothesizes that the electrical current liberates combustible gases at both the anode and cathode
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that could ignite and burn with remaining portions of the propellant. Observations have shown
the resulting electrolytic combustion occurs at either the anode or the cathode, but not at both.
The objective of the work presented in this chapter is to isolate the effects of electrical
stimulation on the combustion of electric solid propellant at atmospheric pressures.

The

experiments used stainless steel electrodes and non-metallized HIPEP 501a propellant. All
experiments were conducted in a nitrogen atmosphere. The study investigates variations in DC
electrode voltage from 200 V to 300 V, lower to upper electrode surface area ratios of 1:1, 2.3:1,
and 4.6:1, and the reversing of electrode polarity.
Small samples were placed between a top and bottom flat electrode. As the propellant
burned, the top electrode was free to descend vertically on a shaft that was instrumented with an
LVDT displacement transducer. To change the top electrode surface area, the upper electrode
was configured with either a flat plat or several small 0.010 or 0.020 in. diameter wires that rested
flat against the top propellant surface.
A Design of Experiment approach (DOE) ordered the experiment test matrix. The DOE
methodology allows for multiple factors and their interactions to evaluated using the minimum
number of tests [63, 64]. The final two-level full factorial design afforded a complete statistical
analysis of the impact of factors and their interactions on the responses while minimizing the
number of experiments. An example DOE methodology application in propellant research can be
found in [65-67].
The sequence of the experiment operation and data reduction provided the desired data.
After filling the box with nitrogen, a DC voltage was applied to start the combustion. As the
propellant burned, measurements included the displacement of the upper electrode with time,
current as a function of time, voltage as a function of time, video images, and the post-test
propellant mass. These measurements allowed the computation of the upper electrode speed
(burning rate), power, total charge, mass loss, and visual observations the combustion. DC
conductivity, power, and current density were calculated from voltage and current measurements.
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The mass loss based on a calculated combustion volume associated with each electrode pair
configuration.
These results combined with the DOE, identify the valid correlations of the results with
the independent variables. The experiment results also contain the uncertainty analysis and
statistical analysis where applicable. The statistical analysis results include evaluation of the
experiment design factors and their effect on the response of interest. Results consist of a Pareto
chart, residuals four-in-one plots, reduced model regression equations, and key model summary
components.
The results are also discussed in relation to the electrolytic theory descried in Chapter 3.
Experimental results involving the total charge passing through a sample and the corresponding
mass loss are compared with the predictions from the electrolytic combustion theory. The theory
also provides a framework for explanations of where preferential electrode combustion would
occur.
The experiment data, results, and conclusions are new contributions to the field not
previously existing in the public domain. The significance is the filling of a knowledge gap on
ESP through fundamental laboratory experimentation.

The experiment data, results, and

conclusions provide significance through the enhanced theoretical and experimental
understanding of the observed ESP electrical response.
5.2

Propellant Samples
All experiments used the ESP HIPEP 501a formulation as supplied by Digital Solid State

Propulsion (DSSP). The mass fractions of the main ingredients of the propellant formulation are
shown in Table 5.1 [19, 20]. They include HAN serving as the electroactive species and oxidizer
and PVA providing the structural support as the binder and the fuel. The mass fractions are those
for a general HIPEP available in the public domain literature. Additional ingredients such as
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buffering agents and chelating agents are included but contribute a very small amount to the
formulation. Detailed information can be found in the literature review chapter.

Table 5.1 HIPEP 501a
Experimentation [19, 20].

Generalized

Formulation

Ingredient

Wt.%

HAN

85

PVA

15

Used

in

the

Electrical

Response

Function
Electroactive species
Oxidizer
Binder
Fuel

Small bulk propellant samples were used for all tests and were cut from existing larger
samples. Pedigree information for the parent and child samples is maintained for the propellant
inventory. This information consists of a unique serial number, formulation, batch, manufacture
date, ship date, storage history, parent sample data, child sample data, and additional information
as applicable.
Each test used a unique sample not used in any other test capacity. All samples had
physical dimensions of approximately 0.19 inches in width, 0.19 inches in height, and 0.25 inches
in length and a mass of approximately 0.2 grams.

The physical dimensions, mass, and

consistency were not required to have tight tolerances for these experiments. The actual mass and
dimensions were recorded for each sample.
5.3

Experiment Components
The complete experiment setup is composed of two systems.

The first is the

Multifunctional Experiment Platform where the samples are burned. The second is the Control
and Data Acquisition System that includes components for commanding the sensors and test
sequences and monitoring/recording of experiment data. Figure 5.1 shows the Multifunctional
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Experiment Platform in the fume hood.at the UAH Propulsion Research Center High Pressure
Laboratory. To the left of the experiment are flow components that supply nitrogen purge to the
experiment. Outside the fume hood are three video cameras used to observe the samples and
electrodes. More detailed electrical and pressure system diagrams are provided in Appendix A
and Appendix B, respectively.

Figure 5.1 Electrical Response Experiment Setup Showing Nitrogen Flow Control System (left)
and Multifunctional Experiment Platform (right) Contained in the Fume Hood and Video
Cameras Shown Outside of the Fume Hood.
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Figure 5.2 Electrical Response Multifunctional Experiment Platform.

Figure 5.2 shows details of the Multifunctional Experiment Platform consisting of a
Nitrogen Purge Vessel, the test stand, a linear variable differential transformer (LVDT), oxygen
sensor, an electrodes (upper and lower), and nitrogen diffuser. The Nitrogen Purge Vessel is
constructed with 0.25-inch-thick clear polycarbonate panels to contain the purge gas, shield the
operators, and allow optical access. The test stand provides the physical support structure for the
sensors and sample during an experiment. The construction consists of nearly all plastics. The
LVDT sensor is a Measurement Specialties MHR 500. It is connected to the upper electrode with
a freely moving plastic shaft and can continuously measure the vertical position of the upper
electrode. The various upper and lower electrode configurations are described in the next section.
The oxygen sensor was a NeuLog oxygen logger sensor NUL-205 with an accompanying
NeuLog USB module USB-200. Nitrogen is introduced into the box through the Nitrogen
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Diffuser (and other locations) so that the nitrogen flow is directed upwards through the entire
volume and exhausted out the vessel top through a fine mesh.
Three different electrode pair configurations were used during the experiment to control
the electrode area ratio. The first configuration had four 0.010 in. diameter upper wires and a
solid lower plate. The second had four 0.020 in. diameter wires and solid flat lower plate
configuration. The third had a flat upper plat and a flat lower plate. Functionally, two basic
electrode pair configurations exist as the wire and plate, and plate and plate electrode pair
configurations.
An example is presented in Figure 5.3 shows the wire and plate electrode pair
configuration. One can see the the upper wire electrode, the ESP sample, and the lower electrode
plate. The lower electrode is a 302/304 stainless steel plate with dimensions of 2 inches wide, 4
inches long, and 0.125 inch thickness. The plate is secured to the acrylic, electrical insulating
support table with electrical connections made on the underside at the right securing socket head
cap screw. The lower plate is polished to a smooth finish prior to each new test ensuring the best
possible electrical connection. The bottom plate is polished to remove propellant and combustion
residuals from the previous test. The blue tape prevents electrical shorts between the upper and
lower electrodes at the end of a test.
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Figure 5.3 Wire and Plate Electrode Pair Configuration Showing Upper Electrode Wires,
Propellant Sample, and Lower Electrode Plate with Nitrogen Feed Lines, Ignition LED, and
Oxygen Sensor.

The upper electrode shown in Figure 5.3 consists of 4 electrode wires using 302 stainless
steel as the electrode material. The electrode support structure is a polyethylene u-channel
notched for wire guides. The electrode wires are secured to the lift plate using small bar clamps.
The lift plate can be raised to add the appropriate amount of tension while moving the wires into a
nearly parallel and level orientation. The electrical connection is made at the top plate with all
metal contacts from the electrical feed line to the electrode wires. A small, metal socket head cap
screw serving as the electrical connection post also interfaces with the LVDT linkage assembly.
All components above the top plate post are plastic and electrical insulators. This keeps electrical
power from flowing from the upper electrode head to the LVDT core. Additionally, the oxygen
sensor is the black cylinder directly behind the electrode pair configuration.
The nitrogen direct purge lines are also visible in Figure 5.3 in front of the electrode pair
and are suctioned cup into position on the sample support table. Finally, there is a small, red
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LED light situated directly in front of the electrode pair. This is the firing circuit indicator light.
This light was illuminated when the electrical circuit is complete and electrical power is being
supplied to the ESP sample via the electrode pair.
An example of the plate and plate electrode pair configuration is given in Figure 5.4. The
lower electrode is identical to the previous configuration. The upper electrode is a 302 stainless
steel, 3/8 inch cube. The lower surface of the upper electrode is polished to a smooth finish prior
to each new test to remove any residual propellant and combustion residuals. The electrical
connection is made on the top surface of the upper electrode. A set point screw serves as the
electrical connection post and the interface with the LVDT linkage assembly. The linkage
assembly is visible in this picture as the white, Teflon cylinder.

Figure 5.4 Electrical Response Plate and Plate Electrode Pair Configuration Showing Upper
Electrode Plate, Propellant Sample, and Lower Electrode Plate with Nitrogen Feed Lines, Ignition
LED, and Oxygen Sensor.
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Both electrode pair configurations use oversized (compared to the sample dimensions)
electrodes to minimize edge effects in the electric field. A uniform electric field has the benefit
of simplifying the assumptions for how the field influences the observed electrical response.
Additionally, all upper electrode heard configurations are positioned so that their serial number is
easily viewed by all three video cameras.
5.4

Control and Data Systems
The Control System is responsible for sequencing commands to the various sensors and

controlling test sequences.

The Data Acquisition System (DAQ) monitors and records of

experiment data, respectively. They are integrated with the Multifunctional Experiment Platform
to form the complete system.
With the sample in place, the nitrogen purge system is started and monitored by an
Oxygen sensor inside the box. Power is supplied to the electrodes by an Agilent N5772A dc
power supply. The unit has output ratings of 600 V, 2.6 A, and 1,560 W and provides continuous
voltage and current signals that are required by the DAQ. A high-speed, black and white video
camera captures optical experiment data occurring at time rates of 1,000 frames per second,
resolution of 800x600, and exposure time of 750 μs. Two color video cameras were also used:
camera one focused on the lower electrode and camera two viewed the upper electrode.
The Control System is primarily comprised of the programmable logic controller (PLC).
The PLC uses ladder logic programming for controlling test sequences related to the high-speed
camera and experiment data DAQ.

The PLC is responsible for triggering and effectively

synchronizing the high-speed camera and experiment data DAQ. The PLC is a key component
for operational safety by requiring lock-out switches.
The experiment data DAQ is the most critical and complex component of the Data
Acquisition System. The DAQ consists of the NI BNC-2090 patch panel, low-pass filters where
applicable, an NI PCI-6224 DAQ, and LabVIEW virtual instrument (VI). The NI PCI-6224

130

DAQ interfaces with the patch panel and uses a LabVIEW 8.1 VI for real-time monitoring and
recording of the experiment data. The power supply voltage and current recording channels had
low pass filters with a cutoff frequency of 1,000 Hz based on the noise analysis results,
experience, and prior experimentation. The sampling rate for all experiments is 10,000 Hz with a
pre-trigger length of 5,000 samples or 0.5 seconds. Additional information on the NI BNC-2090
and NI PCI-6224 DAQ can be found in the manufacturer data sheets.
5.5

Experiment Design
The electrical response experiment design was generated by applying a DOE

methodology and considering data and results from multiple, prior pilot electrical response
experiment projects.

A screening design was first selected for determining the relative

importance and impact the selected factors had on the response of interest. While a large number
of factors were not considered as typically seen in a screening design, the unknown effect size
and uncertainty in the interactions led to the selection of a screening design.
A full factorial design was then selected such that the responses were measured at all
factor combinations.

Furthermore, a full factorial design allows for all interactions to be

considered and a complete model incorporating all terms to be generated from the statistical
analysis. Additionally, a two-level factorial design was chosen such that the factor levels were
set to low and high values. The final two-level full factorial design afforded a complete statistical
analysis of the impact of factors and their interactions on the responses while minimizing the
experiment cost.
The three factors selected for the experiment design were the upper electrode polarity,
voltage, and upper electrode surface area. The two levels for the upper electrode polarity are
negative and positive, respectively low and high. For the voltage levels the low value was 200 V
and the high value was 300 V. The upper electrode surface area low value was 0.008 in2
corresponding to a 0.010 inch diameter wire. The upper electrode surface area high value was
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0.035 in.2 related to the approximate size of the cut propellant sample interfaced to a plate
electrode. The three factors and the target values for each factor level are displayed in a typical
DOE cube plot in Figure 5.5. Note the factors each form opposing sides in the cube with the
factor levels at the cube corners. The test set points are defined at the cube corners hence a total
of 8 tests for a two-level full factorial design.
Center points were also selected and added to the experiment design. Center points allow
for the determination of curvature in the response surface. Physically, curvature represents a
nonlinear relationship between the factors and a response of interest.

However, for the

experiment design chosen, curvature can only be ascertained at the center points and not for the
entire response surface.

Figure 5.5 Cube Plot for the Electrical Response Experimentation DOE Design Space Showing
the Factors and Target Values for Each Factor Level.
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Two center points were added to the experiment design because the upper electrode
polarity value is categorical. A categorical factor is one in which there is only a binary choice of
value and no middle or center point exists. For the upper electrode polarity, the binary options
are negative or positive and there is no center point for polarity halfway between negative and
positive. If the upper electrode polarity did have a hypothetical center point, then only one center
point would have been added.
The first center point value is an upper electrode positive polarity, 250 V, and upper
electrode surface area of 0.016 in2 corresponding to a 0.020 inch diameter wire. The second
center point value is an upper electrode negative polarity, 250 V, and an upper electrode surface
area equal to 0.016 in2 by using a 0.020 inch diameter wire. Regarding a cube plot typically seen
in a DOE methodology, the two center points lie on two faces of the cube and not in the cube’s
center as expected for a single center point. For the electrical response experimentation cube plot
shown in Figure 5.5, one center point is located in the center of the left side cube face. The
second center point is positioned in the center of the right side cube face.
While the ideal or target factor levels were identified as part of the design process, the
actual levels encountered during experimentation may vary slightly.

No test setup and

accompanying test conditions are perfect and include some uncertainty. Sources of variation
include equipment accuracy, measurement uncertainty, and sample variation. One example is the
variation in the sample physical dimensions resulting from cutting propellant by hand. While the
dimensions are roughly consistent between the samples, the inherent variation in the cutting
process produces variation in the propellant electrode interface via the upper electrode surface
area factor.

Therefore, the actual factor levels occurring during each experiment were

documented. The actual factor levels were subsequently used as updates to the target levels in the
final statistical analysis for the electrical response experimentation.
Combining the 8 tests generated from the two-level 3 factor design and the 2 center
points results in a total of 10 tests. These 10 tests fully investigate the DOE design space and
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constitute a replicate.

The experiment design for the electrical response experimentation

incorporates 3 of these replicates thereby producing a complete design having a total of 30 tests.
Therefore, each of the experiment design set points has three unique tests. Each level of all three
factors and center points are tested three times with a unique sample and reset of the experiment
setup. The benefit of conducting multiple replicates is the ability to detect smaller effect sizes
and to increase the design power for detecting a desired, fixed effect size. The 3 replicates
provide additional data over running the experiment design a single time.

Furthermore,

conducting multiple replicates provides backup tests in the event of a botched run or failed
experiment.
The 30 unique tests defined by the 3 replicates are then ordered in a randomized run
sequence. Randomization minimizes bias in the experiment results due to uncontrolled factors
while allowing for an estimation of the variation present in the uncontrolled factors. In addition
to randomizing the test run order, the cut samples are also randomized prior to being assigned to a
specific test set point within the experiment design. This is done to minimize the stick position
effect caused by the physical location within the parent sample from which the child sample is
cut. While the chemical composition, physical properties, and expected response are assumed to
be homogenous throughout the entire parent sample, these assumptions were not confirmed
through additional testing. Possible causes for any variation would be manufacturing, packaging,
environmental at the exposed surface, and propellant electrode interface chemical changes with
time.

Cut sample randomization minimizes the impacts of any unknown propellant

inconsistencies on the experiment results.

Furthermore, the electrode heads were also

randomized for all 30 tests. This was done to minimize any material or manufacturing variations
affecting the results.
The experiment design also used blocking as an additional method for minimizing the
variation in the experiment results due to uncontrolled factors. Blocking investigates the source
of an observed variation in a response variable when the experiment conditions are ideally meant
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to be constant but in practice may varying between tests. Blocking for the electrical response
experiment design consists of one block of experiments with a categorical variable of day. The
experiments are completed in 20-30 minutes each and therefore running all 30 tests requires hours
spread across multiple days. Accordingly, while the experiments are conducted at atmospheric
conditions in an environmentally controlled laboratory and the test conditions are assumed
constant, actual conditions may vary between tests as a function of day and time of day.
Atmospheric pressure, humidity, and temperature affect the propellant physical properties and
responses. Therefore, to address any unknown effects caused by these uncontrolled factors,
blocking by day was used as a precaution ensuring a minimization of these effects.
Following an analysis of how to block the experimentation run order, one replicate per
block generated the best experiment design having a complete statistical analysis capability and
response surface model. Accordingly, each replicate test run order was randomized within each
block. One replicate per block translates into one replicate per day or 10 tests per day. This
design was considered acceptable but toward the upper bound of what was considered practical
and realistic. A finite number of tests can be performed per day and the quality and consistency
of the tests may suffer as the number of tests increases. Furthermore, conducting the maximum
or close to the maximum number of tests per day leaves a small margin of error to address and
resolve problems during experimentation, which is frequently encountered and factored into the
design.

However, the concerns did not materialize during experimentation in a manner

negatively affecting the execution of the experiment design or results.
The resulting electrical response experimentation test matrix is provided in Table 5.2.
The test matrix is based on the DOE methodology just described and incorporates the experiment
design discussed in this section. The test matrix includes run order, center point, block number,
factor identifier and target values, upper electrode configuration, upper electrode head serial
number, and sample serial number.
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Upper
Electrode Voltage Upper Electrode2 Upper Electrode Head
Polarity (~)
(V) Surface Area (in. )
Configuration
+
300
0.008
Wire (0.010" Dia.)
250
0.016
Wire (0.020" Dia.)
+
200
0.035
Plate
300
0.035
Plate
200
0.035
Plate
+
250
0.016
Wire (0.020" Dia.)
300
0.008
Wire (0.010" Dia.)
+
200
0.008
Wire (0.010" Dia.)
+
300
0.035
Plate
200
0.008
Wire (0.010" Dia.)
300
0.008
Wire (0.010" Dia.)
200
0.035
Plate
+
250
0.016
Wire (0.020" Dia.)
300
0.035
Plate
+
200
0.035
Plate
200
0.008
Wire (0.010" Dia.)
+
300
0.008
Wire (0.010" Dia.)
250
0.016
Wire (0.020" Dia.)
+
300
0.035
Plate
+
200
0.008
Wire (0.010" Dia.)
250
0.016
Wire (0.020" Dia.)
+
200
0.008
Wire (0.010" Dia.)
300
0.008
Wire (0.010" Dia.)
+
300
0.035
Plate
300
0.035
Plate

Upper Electrode
Head
Serial Number
W-4S-V2-05
W-4S-V2-03
P-3/8-V1-02
P-3/8-V1-02
P-3/8-V1-01
W-4S-V2-02
W-4S-V2-07
W-4S-V2-01
P-3/8-V1-02
W-4S-V2-04
W-4S-V2-06
P-3/8-V1-01
W-4S-V2-05
P-3/8-V1-01
P-3/8-V1-02
W-4S-V2-06
W-4S-V2-02
W-4S-V2-04
P-3/8-V1-01
W-4S-V2-07
W-4S-V2-03
W-4S-V2-01
W-4S-V2-06
P-3/8-V1-01
P-3/8-V1-02

ESP Sample
UAH04B01-Sample E
UAH04B01-Sample B
UAH04B01-Sample C
UAH04B01-Sample H
UAH04B01-Sample F
UAH04B01-Sample A
UAH04B01-Sample L
UAH04B01-Sample G
UAH04B01-Sample M
UAH04B01-Sample K
UAH04B01-Sample J
UAH04B01-Sample I
UAH04B01-Sample N
UAH04B01-Sample O
UAH04B01-Sample D
UAH04B02-Sample E
UAH04B02-Sample O
UAH04B02-Sample D
UAH04B02-Sample M
UAH04B02-Sample C
UAH04B02-Sample G
UAH04B02-Sample J
UAH04B02-Sample N
UAH04B02-Sample I
UAH04B02-Sample A

Table 5.2
Electrical Response Experimentation Test Matrix Based on DOE
Methodology.
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Run Center
Order Point Blocks
1
1
1
2
0
1
3
1
1
4
1
1
5
1
1
6
0
1
7
1
1
8
1
1
9
1
1
10
1
1
11
1
3
12
1
3
13
0
3
14
1
3
15
1
3
16
1
3
17
1
3
18
0
3
19
1
3
20
1
3
21
0
2
22
1
2
23
1
2
24
1
2
25
1
2

ESP Sample
UAH04B02-Sample B
UAH04B02-Sample F
UAH04B02-Sample L
UAH04B02-Sample K
UAH04B02-Sample H

(continued)

Upper Electrode
Head
Serial Number
W-4S-V2-01
W-4S-V2-02
P-3/8-V1-01
P-3/8-V1-02
W-4S-V2-04

Table 5.2

Upper
Run Center
Electrode Voltage Upper Electrode2 Upper Electrode Head
Order Point Blocks Polarity (~)
(V) Surface Area (in. )
Configuration
26
0
2
+
250
0.016
Wire (0.020" Dia.)
27
1
2
200
0.008
Wire (0.010" Dia.)
28
1
2
+
200
0.035
Plate
29
1
2
200
0.035
Plate
30
1
2
+
300
0.008
Wire (0.010" Dia.)
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The run order column defines the sequence of the experiments. This order was followed
during testing without deviation. The run order results from the randomization of the standard
order as previously discussed. The standard order is generated by the two-level full factorial
design without randomization and follows a specific ordering sequence. Run order is of practical
importance in terms of experimentation sequence and statistical analysis. Accordingly, run order
is more often used in this research when presenting designs, analysis, and results.
The rows are alternated white and gray for reading ease. Black text signifies a plate was
used as the upper electrode. Green text identifies the center points where the upper electrode
consists of 0.020 in. diameter wire. Center points are identified in the center point column by a
zero. Blue text shows which tests used 0.010 in. diameter wire as the upper electrode.
The upper electrode head serial number column describes electrode head usage for each
test. A unique serial number corresponds to a unique electrode head. The experiment design
calls for single use electrode wires and plate polishing for each test. Balanced usage for the
electrode heads was intended across the experiment design. Actual electrode head usage was
documented as a precaution against any electrode head impacts on the experiment results, albeit
none was expected.
The ESP sample column provides information describing the parent serial number as the
prefix to the cut sample identifier. An example is UAH04B01-Sample E where the parent sample
as received from the vendor has the original serial number UAH04B01 entered into the propellant
inventory. The child sample cut from the parent sample was assigned the identifier Sample E.
The alpha character represents a specific cut location and sequence as defined by the cutting
procedure. This allows stick location to be tracked for all cut samples. Pedigree information is
passed along from parent to child sample with additional information added to the cut sample as
necessary. A complete sample history is maintained in the propellant inventory for the parent and
child samples.
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Finally, the selected measured responses were displacement, electrical current, electrical
voltage, sample mass loss, and the ignition and burning location and behavior. The displacement,
current, voltage, and mass loss are quantitative experiment results. The ignition and burning
location and behavior provide primarily qualitative experiment results.

These measured

responses either directly relate to the underlying scientific principles responsible for the observed
electrical response or can be combined to provide relevant parameters and relationships. They
also provide experiment data useful for comparing with the theoretical treatment. Furthermore,
these measured responses were selected because they are fundamental quantities that can be
readily measured in the laboratory experimentation. Finally, the measured responses can be
combined with the experiment design, experiment setup, auxiliary experiment data, uncertainty
analysis, and statistical analysis thereby resulting in a complete experiment analysis. Context for
the experiment analysis is required for identifying meaningful results, relevant conclusions, and
significant contributions to the field.
5.6

Experiment Results and Discussion
This section presents the experiment results, discussion, and relevant conclusions. The

topics covered in the section are the burning rate, mass loss ratio of the electrolytic theory
predictions to the experiment measurements, mass loss ratio of the burning volume estimation
prediction to the experiment measurements, power histogram, dc conductivity, burning location
electrode polarity, and burning location electrode surface area. The results may be presented as
part of more than one relationship. Examples would be the burning rate as a function of current
density, current, and power. The uncertainty analysis results are presented where appropriate
with the underlying details located in an appendix as necessary. The statistical analysis results
are also provided as applicable with the supporting details presented in an appendix as required.
The experiment results represent 24 successful tests out of the 30 tests in the original
experiment design. A total of 6 tests were removed from the final data analysis because of

139

electrode wire breakage resulting in insufficient data. The electrode wire malfunctions are clearly
visible in the numerical and imaging data. These 6 tests are classified as transient tests because
the recorded experiment data lies in the transient period of the burning behavior. A sufficient
amount of data in the steady state regime is required for an appropriate data analysis. This
research was focused on the steady state electrical response as a primary objective. A transient
analysis was considered provided sufficient time was available to complete the analysis.
However, a transient analysis was not completed and was proposed as one possible area for future
research.
Furthermore, an experiment may begin and progress in a nominal manner but at some
point deviate from the experiment design. Deviations include delayed electrode wire breakage
within the steady state burning behavior and propellant slip where the sample translates away
from the upper electrode plate. Causes of these deviations have not been investigated. However,
factors may be as follows: wire temperature increases due to joule heating and or exothermic
chemical reactions resulting in decrease tensile strength, chemical attack on the wires coupled
with heat resulting in weakening, electrostatic discharge wire ablation, upper plate electrode
misalignment, electrolytic/electrochemical and or thermochemical/chemical reactions generating
gaseous and liquid species at the propellant electrode interface thereby reducing friction through
surface lubrication of the plate electrode, divergent plate electrode and sample surfaces produced
during the cutting procedures completed by hand and with rudimentary guides, unknown and
unexpected forces and or factors, and any combination of the aforementioned possibilities.
An example of the delayed electrode wire breakage scenario is a sample ignites, burns
through the transient regime, and begins burning through the steady state period reaching a point
of sufficient experiment data. However, for some reason the electrode wires then break and the
test terminates prematurely without being commanded to end by removal of the applied electrical
power. An example of the propellant slip scenario is a sample is placed in a plate and plate
electrode pair configuration. The sample ignites, burns through the transient regime, and begins
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burning through the steady state period acquiring the necessary experiment data for an analysis.
However, for some reason the propellant sample begins to slip and translates horizontally
between the electrode plates. At some point the propellant sample begins moving out from under
the upper electrode plate. The result is an upper electrode surface area less than called for in the
experiment design. Furthermore, the actual surface area is difficult or impossible to calculate.
The experiment has effectively become a new set point and a new test differing from the original
experiment design.
The delayed electrode wire breakage and propellant slip examples illustrate the need to
properly define a burning time. The burning time must be defined only during steady state
burning regime and exclude any transient and non-steady state regimes. An appropriately defined
burning time was determined for all experiments through evaluation of the numeric and image
data.
The steady state propellant burning regime also helps define additional parameters in a
manner similar to that used for burning time. An example is the definition of a mean current
value. The mean current was calculated using the subset of experiment data consistent with the
data indices used for determining burning time. Parameters reported in this research follow this
scheme unless otherwise stated. Exceptions would be calculating the mass loss predicted by the
electrolytic theory and burning volume estimation. These parameters relate to the total amount of
current, volume, and mass affected during each test and not during a subset of the experiment
data.
Finally, 3 of the 24 experiments retained for the final data analysis exhibited unexpected
burning behavior. Unexpected burning behavior for these 3 tests is defined as burning at an
electrode inconsistent with the majority of tests conducted using identical test conditions.
Particularly, the 3 tests burned at the larger electrode surface area when they were expected to
burn at the smaller electrode surface area. These 3 tests were labeled out-of-family as way for
identifying their unexpected burning behavior.
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However, the experiment setup did not

malfunction and a sufficiently acceptable rationale for rejecting the tests did not exist.

A

statistical analysis with and without the 3 tests showed a minimal impact on the correlations.
Therefore, the tests were retained for the final data analysis.
5.6.1

Example Test Data
Representative experiment data for the wire and plate electrode pair configuration is

presented in Figure 5.6 for the displacement, Figure 5.7 for current, and Figure 5.8 for voltage.
For all three graphs the vertical green dashed line corresponds to the application of the electrical
signal to the propellant. The vertical red dashed line indicates the removal of the electrical power
from the propellant sample. The original plots for all experiments used for determining the
parameters were submitted as a data package for approval for public release with the approval
and Distribution A statements available in Appendix F.
The displacement graph is present in relative displacement hence the positive to negative
displacement values. This is sufficient for the data analysis involving a burning rate and absolute
distances can be determined using the displacement data and the sample dimensions. A transient
region can be observed as the slight positive displacement at ignition. However, the displacement
data shows the transient region has a relatively short time duration. The steady state displacement
is readily seen the graph as the region of linear displacement with time.
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Figure 5.6 Representative UAH04B01 – Sample G Wire and Plate Electrode Experiment Data
Showing the Linear Variable Differential Transformer (LVDT) Displacement with Time of the
Upper Electrode Head Wire Configuration.

The transient region is more easily identified in the current graph. A large spike in the
current typically occurs at ignition.

The transient regime quickly transitions on the order

0.1 seconds into the steady state, which is also clearly visible in the current as indicated by a
relatively constant current level.

Regarding the voltage plot, a transient regime was not

discernable.
Considerable noise was present in the original, unfiltered current and voltage data. The
noise analysis suggested the dc power supply was the primary source. The reason for the noise
was not determined through the analysis but may be attributable to ground loops, hardware
limitations, inherent power supply noise, and or a combination of these or unknown factors.
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The current solution was the successful application of an appropriate low pass filter
removing the observed high frequency noise. However, the question remains as to how much of
the noise is due to the hardware and what portion, if any, is due to the physical processes
occurring within the propellant.
This power supply was selected as a method for providing an electrical voltage and
current range useful to a broad range of applications and from a vendor recommendation
matching the power supply used in their ESP testing. A different power supply focused on a
specific range of voltages and currents for a given experiment design and one with different
hardware specifications may help in reducing the noise. The experiment results in this research
provide insight toward a power supply selection based on the experiment design.

Figure 5.7 Representative UAH04B01 – Sample G Wire and Plate Electrode Experiment Data
Showing Current with Time of the Upper Electrode Head Wire Configuration.
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Figure 5.8 Representative UAH04B01 – Sample G Wire and Plate Electrode Experiment Data
Showing Voltage with Time of the Upper Electrode Head Wire Configuration.

Representative experiment data for the plate and plate electrode pair configuration is
presented in Figure 5.9 for the displacement, Figure 5.10 for current, and Figure 5.11 for voltage.
For all three graphs the vertical green dashed line corresponds to the application of the electrical
signal to the propellant. The vertical red dashed line indicates the removal of the electrical power
from the propellant sample.
The displacement data again shows the transient region, albeit reduced in magnitude and
not as clearly compared with the wire and plate experiments. The steady state regime is fairly
linearly although can exhibit a slight curve. However, the data are suitable for a data analysis
resulting in burning rate.
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Figure 5.9 Representative UAH04B01 – Sample O Plate and Plate Electrode Experiment Data
Showing Displacement with Time of the Upper Electrode Head Plate Configuration.

The current graph again shows a transient regime indicated by the large, short time
duration spike and values approaching the steady state burning period. The voltage and current
plots again show the signal noise observed in the wire and plate experiments. The same low pass
filter was applied to the plate and plate electrode pair configuration experiments with similar
results.
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Figure 5.10 Representative UAH04B01 – Sample O Plate and Plate Electrode Experiment Data
Showing Current with Time of the Upper Electrode Head Plate Configuration.

Figure 5.11 Representative UAH04B01 – Sample O Plate and Plate Electrode Experiment Data
Showing Voltage with Time of the Upper Electrode Head Plate Configuration.
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5.6.2

Burning Rate
The average burning rate was determined by conducting a linear regression least squares

fit of the displacement with time experiment data for each test. The regression used the data
indices corresponding with the burning time during the steady state regime as previously
discussed. The burning rate was then plotted against current density to determine if a correlation
existed.
Current density was selected as the independent variable because current density is one
component of the theoretical understanding and potential control method having a direct physical
meaning for the configuration and operation of ESP. Current density is defined as the electrical
current divided by the propellant/electrode interface surface area.

The propellant/electrode

interface surface area was defined at the burning location electrode. Furthermore, current density
allows an analysis of the burning relationship with current normalized by the electrode surface
area. The current densities reported in this research are those calculated at the observed burning
location electrode. Propellant burning was observed to occur only at one electrode, hence the
identifying term of observed burning location electrode. In the case of electrode surface area
ratios not being equal or 1:1, the definition of current density becomes especially important for
understanding and interpreting the results.
The burning rate versus current density results are displayed in Figure 5.12. The data are
organized by the three upper electrode surface area configurations. The blue diamonds are the
small 0.010 inch diameter wires representing the low factor level for upper electrode surface area.
The green triangles are the center points using 0.020 inch diameter wires. The red squares are the
plate electrodes. Additionally, all data points are plotted with their 95% uncertainty bands for the
current density and burning rate results. A trend line was also determined and plotted for all tests
consisting of all three upper electrode surface area configurations. The current density and
burning rates results are plotted on a linear scale for simplicity regarding understanding and
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interpreting the results, especially the uncertainty results. Data for this plot are presented in
Appendix C.

No Transients Grouped (Power Fit)
0.7

Plates (High)
Center Points
Wires (Low)
Power Fit

Burning Rate, r (in/s)

0.6
0.5

r = 2.7131 J 0.958
R² = 0.9029

0.4
0.3
0.2
0.1
0
0

0.02

0.04
0.06
0.08
Current Density, J (A/mm2)

0.1

0.12

Figure 5.12 Electric Solid Propellnat Burning Rate as a Function of Current Density and
Grouped by Electrode Pair Configurations.

The burning rate as a function of current density was determined to be

r  2.7131J 0.958
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(5.1)

using a power fitted regression line to all 24 successful tests incorporating all electrode pair
configurations. The coefficient of determination or R-squared value for the power fit was 0.9029
indicating the model fits the data well. A power fit was selected not simply for the high Rsquared value of the model but because a power fit is consistent with accepted practices and
existing formats for burning rate relationships for solid propellants. Typically, a burning rate
with pressure relationship is determined for a conventional solid propellant. The data would be
plotted on a log-log scale thereby presenting a typical straight line for the associated power fitted
regression line. While a linear scale was used when plotting the burning rate versus current
density, a log-log plot of the same variables would also present a straight line for the power fitted
regression line.
Furthermore, the current density result normalizes the current response using the
electrode surface area of the burning location electrode. Additionally, as the current density
approaches zero the burning rate also approaches zero. The relationship extrapolates qualitatively
such that at zero current density the burning rate is zero. For the conditions investigated, no
propellant burning would be expected if no electrical current and therefore zero current density is
applied to the propellant sample. This result suggests a linear or power fitted regression line is
appropriate.
Since the current density exponent value is very close to 1, the burning rate dependence
on the current density is nearly linear or directly proportional. Specifically, the current density
exponent value of 0.958 indicates that a given change in the current density results in an almost
directly proportional increase in the burning rate. The burning rate increase factor with respect to
the current density is roughly the burning rate coefficient equal to 2.7131 (in/s)/(A/mm2)0.958.
Additionally, the current density exponent of 0.958 being almost 1 indicates the direct
proportionality supports the ESP electrolytic mechanism being the underlying phenomenon
explaining the observed ESP electrical response.
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The determined relationship between burning rate and current density indicates that at
atmospheric pressure and the conditions investigated the gas generated through propellant
combustion can be controlled through the applied electrical current and electrode surface area.
The applied pressure will introduce an additional factor once the test or operational conditions
rise above atmospheric. A pressure relationship has been examined in previous research [68] and
is outside the scope of this research. However, the pressure effects, formulation, and pressure
threshold will be important considerations and may contribute additional factors the burning rate
and current density relationship.
Perhaps the burning rate versus pressure relationship also represented as a power fitted
regression line can be combined with the burning rate versus current density power fitted
regression line. The two relationships might be able to be combined in a manner similar to a
hybrid propellant combination for pressure and oxidizer flow. Such an investigation is proposed
as an area for future research.
Additionally, the burning rate results group well according to the upper electrode surface
area configuration. Some overlap between the configurations does occur, especially for the wires
and center points. Furthermore, within the wire and center point upper electrode surface area
configurations, the same general relationship between burning rate and current density was
observed as for the determined power fitted regression line for all 24 successful tests.
The plate and plate tests were grouped at low levels of current density and burning rate.
They also have the smallest expanded uncertainty bands of the three electrode pair configurations
from a general perspective.

The center point tests using a wire and plate electrode pair

configuration occupy a larger envelope for current density and burning rate. The center point
current density and burning rate expanded uncertainty bands increased relative to the plate and
plate tests. The wire and plate electrode pair configuration test results have an increased range
for current density and burning rate and increased expanded uncertainty bands. One experiment
at the far end of current density and burning rate has values and uncertainties differing
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considerably from the other wire and plate experiments. This test may be an outlier due to
atypical burning behavior, insufficient data, or a limitation in the experiment setup for
successfully operating at the test conditions. Future experimentation is required at this set point
in the experiment design for a determination of the data point validity.
The uncertainty results are provided in Table 5.3 and consist of the expanded and relative
uncertainties calculated for current density and burning rate. The results are organized by the
upper electrode surface area configurations. The upper plate electrode tests are shaded blue and
are comprised of the 12 successful tests out of the 12 experiment design tests. The center point
0.020 inch diameter upper electrode tests are shaded green. There are 5 successful tests out of the
6 experiment design tests. The 0.010 inch diameter upper wire electrode tests are shaded red.
The 7 successful tests are out of the 12 experiment design tests. Note the sample serial numbers
are provided for each experiment as a global tracking identifier for this research.
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Table 5.3

Burning Rate and Current Density Uncertainty Analysis Results.

Sample Serial Number
UAH04B01-Sample C
UAH04B01-Sample D
UAH04B01-Sample F
UAH04B01-Sample H
UAH04B01-Sample I
UAH04B01-Sample M
UAH04B01-Sample O
UAH04B02-Sample A
UAH04B02-Sample I
UAH04B02-Sample K
UAH04B02-Sample L
UAH04B02-SampleM
UAH04B01-Sample A
UAH04B01-Sample B
UAH04B01-Sample N
UAH04B02-Sample B
UAH04B02-Sample G
UAH04B01-Sample E
UAH04B01-Sample G
UAH04B01-Sample J
UAH04B01-Sample L
UAH04B02-Sample C
UAH04B02-Sample E
UAH04B02-Sample F

Upper
Current Density, J
Burning Rate, r
Electrode
Surface Area Expanded Relative Expanded Relative
Configuration (A/mm2)
(%)
(in./s)
(%)
Plate
0.000898
12.71
0.0007
5.67
Plate
0.000895
15.27
0.0107
31.35
Plate
0.000858
9.48
0.0009
4.35
Plate
0.000914
12.99
0.0014
4.70
Plate
0.000948
10.39
0.0052
26.41
Plate
0.000717
17.80
0.0005
2.93
Plate
0.001004
16.58
0.0011
4.96
Plate
0.000874
14.45
0.0011
4.78
Plate
0.000981
14.80
0.0012
5.39
Plate
0.000857
9.74
0.0248
59.65
Plate
0.000846
8.63
0.0159
76.97
Plate
0.001011
17.78
0.0011
4.92
Center Point
0.002279
8.15
0.0043
4.64
Center Point
0.002390
22.61
0.0037
7.73
Center Point
0.003109
23.15
0.0102
32.82
Center Point
0.002345
8.50
0.0049
5.71
Center Point
0.002436
23.63
0.0022
6.86
Wire
0.011398
10.85
0.1156
20.15
Wire
0.008807
11.35
0.0105
5.34
Wire
0.006251
63.55
0.0028
7.58
Wire
0.010540
10.88
0.0186
7.48
Wire
0.008493
11.65
0.0130
6.25
Wire
0.003910
33.36
0.0042
11.54
Wire
0.004998
17.00
0.0086
10.08

For the plate and plate tests, 8 experiments have a burning rate relative uncertainty of less
than or equal to 5%. The remaining 4 experiments have relative uncertainties for the burning rate
of 26, 31, 60, and 77% corresponding to sample serial numbers UAH04B01 – Sample D,
UAH04B01 – Sample I, UAH04B02 – Sample K, UAH04B02 – Sample L, respectively. These
substantial relative uncertainties are due to these tests having small burning distances and burning
times. Propellant slip introduces challenges not only in determining a burning rate but also when
calculating the uncertainty. The burning rate definition used for the uncertainty analysis is the
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burning distance divided by the burning time. Therefore, experiments having small burning
distances and short burning times have less data available for reducing the uncertainty.
Furthermore, the uncertainty analysis indicated the displacement measurements
contributed effectively 100% to the uncertainties based on the uncertainty percentage
contributions (UPC). This result is understandable because variability is introduced into the
displacement measurement by the sensor, signal conditioner, and DAQ hardware. Additional
variability is introduced by the physical processes occurring during an experiment and the test
environment. While the displacement measurement has numerous factors involved, the time
measurement has considerably less uncertainty because the internal clock of the DAQ hardware
only defines each time step for a measurement. The variability for a time measurement is
inherently small due to the DAQ specifications.
The best solution for improving the aforementioned substantial burning rate relative
uncertainties would be the elimination of propellant slip during an experiment. Ensuring the
propellant sample remains in the proper configuration for the entirety of the test provides
sufficient burning distance and burning time for reducing the uncertainty. These tests were
retained for the analysis because a sufficient amount of experiment data was captured during the
steady state burning behavior. While as many of the experiment design tests as possible are
necessary for a complete analysis, the uncertainty analysis results indicate these tests may
constitute border line successful experiments.
Regarding the center points, 4 of the experiments have a burning rate relative uncertainty
between 5-8%. Only 1 experiment has a substantial relative uncertainty of 33% corresponding to
the sample serial number UAH04B01 - Sample N.

As with the plate experiments having

substantial relative uncertainties, this center point test has a small burning distance and short
burning time thereby increasing the uncertainty results.
For the wire and plate electrode pair configurations, 6 of the experiments have a burning
rate relative uncertainty between 5-12%. Only 1 experiment has a substantial relative uncertainty
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of 20% corresponding to the sample serial number UAH04B01 - Sample E. As typically seen for
the burning rate uncertainty calculations, this test has a small burning distance and short burning
time resulting in an increased uncertainty. This experiment is an example of electrode wire
breakage occurring in the steady state burning behavior. Sufficient data for the analysis routines
was captured in the steady state regime prior to the wire breakage. However, the uncertainty
results indicate more data captured through a longer burning distance and burning time would
reduce the uncertainty.
Examining the current density uncertainty results, the majority of the relative
uncertainties are between 9-18% with 3 tests being approximately 23%, 1 experiment being 33%,
and 1 test being 64%. The uncertainty percentage contribution results indicate that 95-98% of the
uncertainty is contributed by measurement of the mean current. The physical dimensions of the
propellant electrode interface making up the remainder of the contributions.
The current measurement has a considerable amount variability introduced by the dc
power supply and DAQ hardware, test environment, and physical processes involved during an
experiment. Signal noise has been observed for all tests whether for this particular project or
previous experimentation. A noise analysis was inconclusive with multiple possible causes as
previously discussed. While a low pass filter successfully removes a substantial quantity of
noise, an acceptable reduction of noise was accepted as a complete resolution was not currently
available. Possible resolutions were also previously discussed. Furthermore, the experiment data
suggests the variability in the electrical current signal may possibly be attributable to a real
process. Process possibilities include an electrical or electrochemical response inherent to the
propellant and or propellant electrode interface dynamics.
The statistical analysis examines the burning rate differently than the previous results.
The statistical analysis investigates how the upper electrode polarity, voltage, and upper electrode
surface area affects the burning rate. The results provide a model representing the relationship
between these factors and their various interactions and the response variable of interest, which in
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the present case is burning rate. The results are presented as a regression equation with numerical
and graphical data describing the factors and their interactions in terms of statistical significance
to the model. Furthermore, the residuals are also provided as a way for determining patterns in
the experiment data and interpreting the results. The residuals can be useful for identifying
relationships between the order observations or measurements were made, distribution of the
residuals, model fitted values, data distribution type, and the associated residual value.
The burning rate regression equation determined by the statistical analysis is

r  0.288  0.243pUE  0.002255V  7.78AUE  0.001505pUEV
 5.71pUE AUE  0.0572VAUE  0.0903C P

(5.2)

where pUE is the upper electrode polarity, V is the applied electrical voltage, AUE is the upper
electrode surface area, and C P is the center point variable accounting for curvature. This is a
reduced model where statistically insignificant terms have been removed. Note the two-way
interactions included in the model along with the center point curvature variable. The above
regression equation for burning rate is presented as generated by the statistical analysis but with
the removal of statistically insignificant terms. The burning rate is reported in inches per second
as the statistical analysis response was calculated using these units. Accordingly, the regression
equation terms have appropriate units. Finally, the model summary generated by the statistical
analysis provides an R-squared value of 85.35% indicating a good fit to the experiment data or
factor inputs. Note this model summary incorporates all terms and is not a reduced model.
The Analysis of Variance (ANOVA) results were also returned as part of the statistical
analysis for burning rate. Included in those results was the statistical significance determined for
each source as shown in Table 5.4. The source column identifies the terms included in the
analysis of variance and corresponds to a component of the experiment design whether as a block,
factor, factor interaction, or center point. The P-Value column supplies the analysis of variance
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results and allows the determination of statistical significance for each source term. A term
having a p-value less than 0.05 is considered statistically significant while a p-value greater than
0.05 is determined to not be statistically significant. The p-value or alpha of 0.05 is the threshold
for significance meaning the null hypothesis stating no difference between the means exists can
be rejected. A rejection of the null hypothesis indicates a significant difference does exist
between the means. Therefore, any term having a p-value less than 0.05 has a substantial effect
on the response of interest and the effect has been determined to be real within the confidence
interval defined by the selected alpha value.

Table 5.4

Burning Rate Analysis of Variance Statistical Significance Results.

Analysis of Variance Source
Model
Blocks
Linear
Upper Electrode Polarity
Voltage
Upper Electrode Surface Area
2-Way Interactions
Upper Electrode Polarity*Voltage
Upper Electrode Polarity*Upper Electrode Surface Area
Voltage*Upper Electrode Surface Area
3-Way Interactions
Upper Electrode Polarity*Voltage*Upper Electrode Surface Area
Curvature

P-Value
0.001
0.222
< 0.0005
0.001
0.007
< 0.0005
0.005
0.043
0.004
0.016
0.105
0.105
0.018

The ANOVA p-value results indicate the following independent terms are statistically
significant: 1) linear factors: upper electrode polarity, voltage, and upper electrode surface area;
2) 2-way interactions: upper electrode polarity*voltage, upper electrode polarity*upper electrode
surface area, and voltage*upper electrode surface area; and 3) curvature. The ANOVA results
indicate the following independent terms are not statistically significant: 1) blocks and 2) 3-way

157

interactions of upper electrode polarity*voltage*upper electrode surface area. Note the model
was determined to be statistically significant as evidenced by the corresponding p-value. The
ANOVA results indicate the upper electrode surface area was the factor having the greatest
statistically significance with a p-value of < 0.0005. Therefore, the electrode surface area had the
largest effect and control over the burning rate response.
A Pareto chart of the standardized effects for the burning rate statistical analysis is shown
in Figure 5.13. The three factors are listed in the legend with the two-way and three-way
interactions included with the factors as terms in the chart. The vertical red dashed line identifies
the threshold for statistical significance. Terms having standardized effects greater than this
threshold can be viewed as having a significant impact on the response of interest. Terms with
effects below the threshold can be considered to have a negligible impact. The standardized
effect scale provides a way for assigning relative importance among the terms. Therefore, the
standardized effect indicates the relative importance and impact to the response.
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Figure 5.13 Electric Solid Propellant Burning Rate Pareto Chart Identifying Statistically
Significant Factors.

Regarding burning rate, the upper electrode surface area has the greatest impact on this
response as shown by the pareto chart generated by the statistical analysis. Note the pareto chart
does not specify whether plates or wires have the greatest effect but rather that the surface area
parameter is the most important of all the terms. The upper electrode polarity is the parameter
having the second largest effect on burning rate. Note the relative importance between the
surface area having an effect of approximately 6.4 and the polarity effect of about 4.3. The third
important term is the two-way interaction between the upper electrode polarity and the upper
electrode surface area. The relative importance continues down the vertical axis of the pareto
chart and ends with the two-way interaction term consisting of the upper electrode polarity and
voltage. This term is so close to the significance threshold that the term may be considered of
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borderline importance. The only term below the threshold is the three-way interaction between
all three factors.
Another important graphical output generated by the statistical analysis is the residual
plots presented in Figure 5.14. This four-in-one graph provides a method for determining
patterns in the data and to look for conditions or situations signaling difficulties or insight. For
example, the “Versus Order” plot in the lower right quadrant displays the residuals as a function
of the observation order. This plot is used to verify the no correlation between the observation
residuals. The observation order is the sequence of tests identical in meaning to the run order.
The results are interpreted as having random residuals as a function of observation order. This is
a positive result indicating any errors were not compounding with each successive test or with
time. Hypothetically, if an error affecting the experiment data and results was propagating with
each successive test, the residuals with increasing observation order would be expected to have a
non-random pattern such as continuously increasing absolute residual value.
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Figure 5.14
Analysis.

Electric Solid Propellant Burning Rate Residual Plots Resulting from the Statistical

Furthermore, the “Versus Fits” plot shows consistent residual values with increasing
fitted values and verifies the constant variance assumption for the residuals. In other words, the
residuals remain consistent and are not a function of the model or regression equation is used to
fit the experiment data.

However, negative fitted values are shown suggesting the model

incorrectly assigns a negative burning rate when realistically the minimum burning rate is zero
when no electrical energy is applied to the propellant. Incorrect modeling of the actual behavior
is expected given the regression equation uses experiment data and the associated uncertainty.
The “Normal Probability Plot” plots a normal distribution percentage as a function of the
residuals and verifies a normal distribution of the residuals. The “Histogram” plot is also used to
examine the data distribution and helps in identifying outlier data points and or skewed data sets.
Both of these plots indicate a distribution that is not normal. The Minitab statistical software
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used to conduct this statistical analysis also provides a tool for helping determine the data
distribution. While outside the scope of the current research and use, a few preliminary tests were
completed and the best fitting and simplest data distribution result was a lognormal distribution.
A complete, final data distribution analysis should be completed if such information is required.
Finally, the statistical analysis determined that the blocks used in the experiment design
were not statistically significant. The analysis of variance p-value for the overall blocking
strategy was calculated to be 0.222. A p-value equal to or less than 0.05 is required for a variable
to be considered statistically significant. This result means that blocking the experiment design
by day did not have a significant impact on the results. In other words, any variation present in
the experiment data caused from testing on different days was not significant enough to have a
profound effect on the experiment results. Therefore, tests completed on different days could be
reasonably expected to have the same variation resulting from the uncontrolled factors associated
with each day such as humidity and atmospheric pressure and temperature. This relaxes the
requirement for conducting a complete replicate per day. The complete statistical analysis results
for the burning rate versus current density evaluation are presented in Appendix D.
5.6.3

Mass Loss Ratio Theory to Experiment
The electrolytic theory to experiment mass loss ratio compares the mass loss predicted by

the electrolytic theory to the experiment measured mass loss. The electrolytic theory accounts for
the electrochemical reactions and the thermochemical reactions occurring solely on the basis of
the oxidative species liberated by HAN electrolysis. The HAN and PVA mass loss predicted by
the electrolytic theory are limited to the equations defined in the theory. The experiment mass
loss measures all forms of mass loss due to any actual electrochemical and thermochemical
reactions. The current measured for test is used for predicting the mass loss according to the
theory. The experiment mass loss is a pretest minus posttest mass measurement. The electrolytic
theory to experiment mass loss ratio as a function of current density is shown in Figure 5.15. The
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results are grouped by electrode pair configuration and the uncertainty results are also plotted.
All 24 successful tests are shown in this graph.

No Transients -- Grouped
Mass Loss Ratio -- Theory to Experiment,
MLR_TtoE (~)

0.2
Plates (High)
Center Points
Wires (Low)

0.18
0.16

0.14
0.12
0.1

0.08
0.06
0.04
0.02
0
0

0.02

0.04
0.06
0.08
Current Density, J (A/mm2)

0.1

0.12

Figure 5.15 ESP Electrolytic Theory to Experiment Mass Loss Ratio as a Function of Current
Density and Grouped by Electrode Pair Configurations.

The experiment mass loss is significantly larger than predicted by the electrolytic theory
for all 24 tests. The electrolytic theory to experiment mass loss ratios have a range of 0.02-0.19.
For the one experiment having a mass loss ratio of 0.19, perhaps the test performance within the
experiment setup facilitated a different result by limiting the extent of the thermochemical
reactions.

However, the reason for the possible outlier condition is unknown and future
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experimentation and analysis would be beneficial toward an improved understanding of this data
point. Furthermore, all but one experiment have mass loss ratios less than 0.10. This is expected
given the theory accounts for mass loss associated with the purely electrochemical reactions plus
any PVA combusted as a direct consequence. The theory does not predict any accompanying
thermochemical reactions occurring as a result to the initiating electrochemical reactions.
However, previous experience and prior experimentation have demonstrated a substantial
thermochemical component to the overall combustion mechanism incorporating the electrolytic
theory. The thermochemical component can be enhanced via pressure effects or purely thermal
effects as discussed in previous chapters.
The electrolytic theory to experiment mass loss ratio values are quite low suggesting the
electrochemical mechanism is a small component to the overall ESP combustion mechanism, the
current electrolytic theory requires refinement, the experiment design and setup must be
reevaluated to address a solely electrochemical component, or a combination of these possibilities
and potential unknown factors.
The experiment design and setup did not fully isolate the purely electrochemical response
as evidenced by the experiment data and observations. Thermochemical reactions were observed
during all tests although the thermal response was significantly reduced compared with
experiments conducted at elevated pressures. A purely electrochemical evaluation is required to
address the underlying electrochemical theory. However, these experiment results do provide a
baseline response for understanding the relative contributions of the electrochemical and
thermochemical mechanisms to the overall ESP combustion mechanism.
The uncertainty analysis results for the electrolytic theory to experiment mass loss ratio
and current density are provided in Table 5.5. The results show the sample serial number, upper
electrode surface area configuration type, and expanded and relative uncertainties for both
parameters. The current density uncertainty analysis results are identical to those presented in the
burning rate section. The reader is directed to that section for a discussion on those results.
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Table 5.5 Electrolytic Theory to Experiment Mass Loss Ratio and Current Density Uncertainty
Analysis Results.

Sample Serial Number
UAH04B01-Sample C
UAH04B01-Sample D
UAH04B01-Sample F
UAH04B01-Sample H
UAH04B01-Sample I
UAH04B01-Sample M
UAH04B01-Sample O
UAH04B02-Sample A
UAH04B02-Sample I
UAH04B02-Sample K
UAH04B02-Sample L
UAH04B02-SampleM
UAH04B01-Sample A
UAH04B01-Sample B
UAH04B01-Sample N
UAH04B02-Sample B
UAH04B02-Sample G
UAH04B01-Sample E
UAH04B01-Sample G
UAH04B01-Sample J
UAH04B01-Sample L
UAH04B02-Sample C
UAH04B02-Sample E
UAH04B02-Sample F

Electrolytic Theory
to Experiment Mass
Upper
Current Density, J Loss Ratio, MLRTtoE
Electrode
Surface Area Expanded Relative Expanded Relative
Configuration (A/mm2)
(%)
(~)
(%)
Plate
0.000898
12.71
0.007856
12.31
Plate
0.000895
15.27
0.000972
1.33
Plate
0.000858
9.48
0.007201
9.00
Plate
0.000914
12.99
0.002233
9.19
Plate
0.000948
10.39
0.002807
3.02
Plate
0.000717
17.80
0.003207
17.63
Plate
0.001004
16.58
0.003323
16.12
Plate
0.000874
14.45
0.002544
13.52
Plate
0.000981
14.80
0.002985
14.30
Plate
0.000857
9.74
0.003060
1.61
Plate
0.000846
8.63
0.000985
1.31
Plate
0.001011
17.78
0.002821
14.54
Center Point
0.002279
8.15
0.001089
5.12
Center Point
0.002390
22.61
0.000613
2.18
Center Point
0.003109
23.15
0.000466
1.96
Center Point
0.002345
8.50
0.000995
4.82
Center Point
0.002436
23.63
0.002660
5.82
Wire
0.011398
10.85
0.000114
0.67
Wire
0.008807
11.35
0.001118
3.72
Wire
0.006251
63.55
0.001582
6.59
Wire
0.010540
10.88
0.001836
4.01
Wire
0.008493
11.65
0.000933
3.66
Wire
0.003910
33.36
0.007505
8.43
Wire
0.004998
17.00
0.003130
4.14

The plate and plate electrode pair configurations shaded blue have a relative uncertainty
range of 1-18% for the electrolytic theory to experiment mass loss ratio. The measured current is
the greatest contributor to the uncertainty as indicated by a 98-100% UPC for 11 tests and 75%
for an additional 1 experiment. The burning time and experiment mass measurements contribute
effectively 0% for all tests.
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As observed for the current density uncertainty analysis, the current measurement has
considerable variability. The measured variation may due to numerous factors such as the dc
power supply, DAQ, testing environment, and the physical processes occurring within the
propellant. Additional discussions regarding this topic can be found in the burning rate section.
For the center points the relative uncertainty for the electrolytic theory to experiment
mass loss ratio ranges from 2-6% for all tests. The measured current is the greatest contributor
with effectively 100% for all tests.

The burning time and experiment mass measurement

contributions are 0% UPC for all tests.
For the wire and plate electrode pair configurations, the relative uncertainty for the
electrolytic theory to experiment mass loss ratio ranges from 1-8% for all tests. The measured
current is again the greatest contributor to the uncertainty with UPC values ranging from
93-100%. The burning time and experiment mass measurement contributions are effectively 0%
for all tests according to the UPC calculations.
The Analysis of Variance (ANOVA) results were also returned as part of the statistical
analysis for the electrolytic theory to experiment mass loss ratio. Included in those results was
the statistical significance determined for each source as shown in Table 5.6. The source column
identifies the terms included in the analysis of variance and corresponds to a component of the
experiment design whether as a block, factor, factor interaction, or center point. The P-Value
column supplies the analysis of variance results and allows the determination of statistical
significance for each source term.

A term having a p-value less than 0.05 is considered

statistically significant while a p-value greater than 0.05 is determined to not be statistically
significant. The p-value or alpha of 0.05 is the threshold for significance meaning the null
hypothesis stating no difference between the means exists can be rejected. A rejection of the null
hypothesis indicates a significant difference does exist between the means. Therefore, any term
having a p-value less than 0.05 has a substantial effect on the response of interest and the effect
has been determined to be real within the confidence interval defined by the selected alpha value.
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Table 5.6 Electrolytic Theory to Experiment Mass Loss Ratio Analysis of Variance Statistical
Significance Results.
Analysis of Variance Source
Model
Blocks
Linear
Upper Electrode Polarity
Voltage
Upper Electrode Surface Area
2-Way Interactions
Upper Electrode Polarity*Voltage
Upper Electrode Polarity*Upper Electrode Surface Area
Voltage*Upper Electrode Surface Area
3-Way Interactions
Upper Electrode Polarity*Voltage*Upper Electrode Surface Area
Curvature

P-Value
0.002
0.308
0.004
0.021
0.001
0.168
0.083
0.122
0.876
0.028
0.543
0.543
0.103

The ANOVA p-value results indicate the following independent terms are statistically
significant: 1) linear factors: upper electrode polarity and voltage and 2) 2-way interactions:
voltage*upper electrode surface area. The ANOVA results indicate the following independent
terms are not statistically significant: 1) blocks; 2) linear factors: upper electrode surface area;
3) 2-way interactions: upper electrode polarity*voltage and upper electrode polarity*upper
electrode surface area; 4) 3-way interactions: upper electrode polarity*voltage*upper electrode
surface area; and 5) curvature. Note the model was determined to be statistically significant as
evidenced by the corresponding p-value. The ANOVA results indicate the voltage was the factor
having the greatest statistically significance with a p-value of 0.001. Therefore, the voltage had
the largest effect and control over the electrolytic theory to experiment mass loss ratio response.
The electrolytic theory to experiment mass loss ratio pareto chart generated from the
statistical analysis is shown in Figure 5.16. Three terms are statistically significant and impact
the electrolytic theory to experiment mass loss ratio. The most impactful term is the applied
electrical voltage. The second most important factor is the upper electrode polarity although the
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standardized effect is considerably reduced compared with the voltage. The third and final
statistically significant term is the two-way interaction between voltage and the upper electrode
surface area. All other terms including the upper electrode surface area were determined to not
be statistically significant. This is shown graphically in the pareto chart where each of these
terms are below the threshold for statistical significance.

Figure 5.16 Electric Solid Propellant Electrolytic Theory to Experiment Mass Loss Ratio
Pareto Chart Identifying Statistically Significant Factors.

The analysis of variance indicates the blocking of the experiment design is not
statistically significant given the overall p-value of 0.308. Furthermore, the model shows the
curvature p-value equaling 0.103 making the curvature term not statistically significant.
Therefore, curvature is not expected in the response surface for the conditions investigated.
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The regression equation determined through the statistical analysis is

MLRTtoE  0.0613 0.0359pUE  0.000088V  0.01817VAUE

(5.3)

where pUE is the upper electrode polarity, V is the applied electrical voltage, and AUE is the
upper electrode surface area. This is a reduced model where statistically insignificant terms have
been removed. Note the electrolytic theory to experiment mass loss ratio is a dimensionless term.
Therefore, the regression equation terms determined from the statistical analysis have the
appropriate units. The model summary has an R-squared value of 82.67%, which is for the
complete regression equation with all terms and not the reduced model.
The electrolytic theory to experiment mass loss ratio residuals plots are displayed in
Figure 5.17. The “Versus Order” plot shows no correlation between the data points and a random
distribution of the residuals. The “Versus Fit” plot shows a non-constant variance for the
residuals data set. The variation increases as the fitted value increases. The data distribution
appears more normally distributed than the burning rate data set. However, the distribution is not
a normal distribution and appears to have some outliers.
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Figure 5.17 Electric Solid Propellant Electrolytic Theory to Experiment Mass Loss Ratio
Residual Plots Resulting from the Statistical Analysis.

5.6.4

Power Histogram
The electrical power applied to the propellant sample was calculated for each experiment.

While the power at each data point or time step was calculated, the mean power over the burning
time period was determined. As described in the burning rate section, the burning time is defined
manually during the steady state burning regime and without transients.

The mean power

experiment results were reported using a histogram and organized according to the three electrode
pair configurations. Furthermore, the mean power results were then grouped by the polarity and
voltage settings within each electrode pair configuration. The power histogram presenting all 24
successful tests is displayed in Figure 5.18.
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Figure 5.18 Electric Solid Propellant Electrical Power Histogram Including Electrode Pair
Configuration Groupings.

The plate and plate electrode pair configuration results range between approximately
30-50 W. The results group fairly well by the configuration and according to the polarity and
voltage settings as indicated by the blue and purple shaded columns. The center points using a
0.020 inch diameter wire in the wire and plate electrode configuration have mean power values
ranging between about 60-85 W. The center points are shown as the green columns and also
group fairly well according to the electrode pair configuration and polarity and voltage settings.
The 0.010 inch diameter wire and plate electrode pairs have a mean power range of
approximately 15-170 W. These results are represented by the red and orange shaded columns.
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While these tests have the largest power range and do not group well according to the electrode
pair configuration, the results do show general grouping of the data according to the polarity and
voltage settings. Finally, the power histogram results suggest considerable differences in the
power requirements based on the electrode pair and electrical power configurations.
The uncertainty analysis results for the electrical power are given in Table 5.7. The plate
and plate electrode pair configurations present in the blue shaded rows have a relative uncertainty
for electrical power ranging between 9-18%. The measured voltage during the experiments is the
greatest contributor to the power uncertainty values. The voltage UPC values are 98-100% for all
tests. The remainder of the uncertainty contribution is caused by the measured current. The
relative magnitudes of the measured voltages and currents cause the voltage to be the largest
contributor.
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Table 5.7

Electrical Power Uncertainty Analysis Results.

Sample Serial Number
UAH04B01 - Sample C
UAH04B01 - Sample D
UAH04B01 - Sample F
UAH04B01 - Sample H
UAH04B01 - Sample I
UAH04B01 - Sample M
UAH04B01 - Sample O
UAH04B02 - Sample A
UAH04B02 - Sample I
UAH04B02 - Sample K
UAH04B02 - Sample L
UAH04B02 - Sample M
UAH04B01 - Sample A
UAH04B01 - Sample B
UAH04B01 - Sample N
UAH04B02 - Sample B
UAH04B02 - Sample G
UAH04B01 - Sample E
UAH04B01 - Sample G
UAH04B01 - Sample J
UAH04B01 - Sample L
UAH04B02 - Sample C
UAH04B02 - Sample E
UAH04B02 - Sample F

Upper Electrode
Surface Area
Configuration
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Center Point
Center Point
Center Point
Center Point
Center Point
Wire
Wire
Wire
Wire
Wire
Wire
Wire

Power, P
Expanded Relative
(W)
(%)
4.102
12.61
4.179
15.20
4.177
9.37
6.347
13.95
4.196
10.30
6.404
17.76
6.634
16.50
6.631
14.37
6.594
15.22
4.184
9.70
4.196
8.61
6.643
17.70
5.250
6.32
5.210
8.31
5.411
7.48
5.395
6.77
5.339
9.27
6.492
3.93
4.201
5.20
6.665
9.50
6.576
4.11
4.253
5.80
4.173
31.78
4.173
13.68

The center point electrode pair configurations have an electrical power relative
uncertainty range of 6-9%. These results are presented in the green shaded rows. The measured
voltage is again the greatest contributor to the uncertainty with UPC values of 98-99%. As with
the plate and plate configurations, the relative magnitudes of the measured voltage and current are
responsible for the large contribution by voltage.
The 0.010 inch diameter wire and plate electrode pair configurations have a relative
uncertainty in the electrical power ranging between 4-32%. Excluding the one test having a
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relative uncertainty of 32%, the range reduces to 4-14%. These results are displayed in the red
shaded rows. Consistent with the plate and plate and center point results, the largest contributor
to the power uncertainty is the measured voltage. The UPC for the voltage ranges between
95-100% for all tests. Again, the relative magnitudes of the measured voltage and current
generate the uncertainty contribution percentages.
The Analysis of Variance (ANOVA) results were also returned as part of the statistical
analysis for the electrical power response.

Included in those results was the statistical

significance determined for each source as shown in Table 5.8. The source column identifies the
terms included in the analysis of variance and corresponds to a component of the experiment
design whether as a block, factor, factor interaction, or center point. The P-Value column
supplies the analysis of variance results and allows the determination of statistical significance for
each source term. A term having a p-value less than 0.05 is considered statistically significant
while a p-value greater than 0.05 is determined to not be statistically significant. The p-value or
alpha of 0.05 is the threshold for significance meaning the null hypothesis stating no difference
between the means exists can be rejected.

A rejection of the null hypothesis indicates a

significant difference does exist between the means. Therefore, any term having a p-value less
than 0.05 has a substantial effect on the response of interest and the effect has been determined to
be real within the confidence interval defined by the selected alpha value.
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Table 5.8

Electrical Power Analysis of Variance Statistical Significance Results.

Analysis of Variance Source
Model
Blocks
Linear
Upper Electrode Polarity
Voltage
Upper Electrode Surface Area
2-Way Interactions
Upper Electrode Polarity*Voltage
Upper Electrode Polarity*Upper Electrode Surface Area
Voltage*Upper Electrode Surface Area
3-Way Interactions
Upper Electrode Polarity*Voltage*Upper Electrode Surface Area
Curvature

P-Value
0.001
0.189
< 0.0005
0.023
0.001
< 0.0005
0.006
0.812
0.052
0.002
0.564
0.564
0.920

The ANOVA p-value results indicate the following independent terms are statistically
significant: 1) linear factors: upper electrode polarity, voltage, and upper electrode surface area
and 2) 2-way interactions: voltage*upper electrode surface area. The ANOVA results indicate
the following independent terms are not statistically significant: 1) blocks; 2) 2-way interactions:
upper electrode polarity*voltage and upper electrode polarity*upper electrode surface area;
3) 3-way interactions: upper electrode polarity*voltage*upper electrode surface area; and
4) curvature. Note the model was determined to be statistically significant as evidenced by the
corresponding p-value. The ANOVA results indicate the upper electrode surface area was the
factor having the greatest statistically significance with a p-value of < 0.0005. Therefore, the
upper electrode surface area had the largest effect and control over the electrical power response.
The electrical power pareto chart of the standardized effects is displayed in Figure 5.19.
The most statistically significant term was determined to be the upper electrode surface area. The
applied electrical voltage was also determined to be significant with a relative importance close to
that of the upper electrode surface area. Furthermore, the two-way interaction between the
voltage and surface area also has a relative statistical significance close to that of the individual
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factors. The upper electrode polarity was also calculated to have statistical significance although
with a considerably reduced relative importance. The two-way interaction between polarity and
surface area has a standardized effect almost crossing the threshold but ultimately not being
considered statistical significant.

All other terms consisting of two-way and three-way

interactions were determined to not be statistically significant.

Figure 5.19 Electric Solid Propellant Electrical Power Pareto Chart Identifying Statistically
Significant Factors.

The statistical significance results presented in the pareto chart compares well with the
power histogram results. Changes in the measured electrical power are clearly visible in the
power data distribution when considering the electrode pair configuration groupings.
Furthermore, the applied voltage effect can be seen in the power results according to changes in
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the voltage settings or between voltage groupings within the same electrode pair configuration.
The upper electrode polarity effects in the power histogram data can be visualized in a similar
manner. The two-way interaction between the applied electrical voltage and upper electrode
surface area is visible in the power data when considering changes in both the surface area and
voltage.
The regression equation determined through the statistical analysis is

P  150.8  53.6 pUE  1.014V  4901AUE  26VAUE

(5.4)

where pUE is the upper electrode polarity, V is the applied electrical voltage, and AUE is the
upper electrode surface area. This is a reduced model where the statistically not significant terms
have been removed. The complete model with all terms retained has an R-squared value of
83.11%, overall block p-value of 0.189, and center point p-value of 0.920. The complete model
fits the experiment data fairly well as suggested by the R-squared value. The blocking of the
experiment design was again determined to be statistically not significant as indicated by the
p-value being greater than 0.05. Therefore, the requirement for conducting a complete replicate
per day can be removed. No curvature of the response surface for the conditions investigated was
determined from the statistical analysis as the center point p-value was calculated to be greater
than 0.05.
The electrical power residual plots generated by the statistical analysis are presented in
Figure 5.20. No discernable pattern is observable in the residuals as a function of the observation
order as shown in the “Versus Order” plot. Therefore, the residuals do not appear to be correlated
with each other. The residuals would appear to have a slightly increasing variance with fitted
value as suggested by the “Versus Fits” plot. While larger fitted values have larger residuals, the
residuals variance may be considered to be near constant. The data distribution appears to be
close to normal but cannot be considered a normal distribution as determined from examining the
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“Normal Probability Plot” and “Histogram”. Outliers in the distribution can be observed in the
other plots with the distribution centered more tightly on zero than expected for a normal
distribution. A more detailed and in depth analysis of the data distribution, physical meaning, and
relationship to the experiments may be required to enhance the understanding of the residual
results.

Figure 5.20 Electric Solid Propellant Electrical Power Residual Plots Resulting from the
Statistical Analysis.

5.6.5

DC Conductivity Versus Current Density
The dc electrical conductivity was calculated using only the plate and plate electrode pair

configurations. The center points and wire and plate electrode pair configuration experiments
were not used for calculating the dc conductivity because of the non-uniform electric field
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generated by the electrode wires. At the time of the data analysis, only the plate and plate
electrode pair configurations were used because the available method for calculating conductivity
was limited to a uniform electrode field using two plates as the electrodes. The experiment data
could be revisited to calculate the dc electrical conductivity for the more complicated cylindrical
electrode geometries used in this research provided the appropriate equations were found or
derived.
The electrical response dc conductivity as a function of current density experiments
results are displayed in Figure 5.21. Current density was selected as the independent variable for
consistency with the various experiment results presented in this chapter. However, the dc
conductivity can also be readily plotted as a function of current. The dc conductivity results are
graphed showing the upper electrode polarity and applied electrical voltage groupings. The
results also include the uncertainty analysis results for the conductivity and current density. Note
the conductivity results group fairly well within the polarity and voltage groupings.
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Figure 5.21 Electric Solid Propellant DC Electrical Conductivity for Plate and Plate Electrode
Pair Configuration with Polarity and Voltage Groupings.

The dc conductivity values range between approximately 0.09-0.25 S/m.

For

comparison, ultra-pure water used in semiconductors and pharmaceuticals has a conductivity of
5.5x10-6 S/m, drinking water has a value of 0.005-0.05 S/m, and sea water has an electrical
conductivity of 5 S/m (https://www.lenntech.com/applications/ultrapure/conductivity/waterconductivity.htm accessed June 5, 2018). The ESP sample for the conditions investigated has an
electrical conductivity between drinking water and sea water, albeit much closer in value to
drinking water. However, the actual electrical conductivity for drinking water and sea water will
depend on the total dissolved solids or ions in solution. For the water example, the range and
180

particular value will vary depending on many physical and geological factors, such as
temperature and environment. The ESP electrical conductivity will also vary depending on
temperature and formulation affecting ion mobility and concentration, although both temperature
and formulation are assumed constant and their effects negligible.
The dc conductivity and current density uncertainty analysis results for the plate and plate
electrode pair configuration only are supplied in Table 5.9. The current density results are the
same as presented in the previous discussions. Additional detail can be found in the burning rate
section.

The dc conductivity relative uncertainty ranges between 5-13%.

The dominant

contributor to the uncertainty is the measured current for most experiments. In these cases, the
UPC values range between approximately 77-91%. The next largest contributor is the burning
distance having UPC values ranging between about 8-19%. The small remainder consists of the
propellant electrode interface width and length and measured voltage. In some cases, the largest
contributor is the burning distance with UPC values ranging between 80-99%. The second
largest contributor then becomes the measured current having UPC values ranging between
1-20%. Again, the small remainder is comprised of the propellant electrode interface width and
length and measured voltage.
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Table 5.9 DC Electrical Conductivity and Current Density Uncertainty Analysis Results for
Plate and Plate Electrode Pair Configuration Only.

Sample Serial Number
UAH04B01 - Sample C
UAH04B01 - Sample D
UAH04B01 - Sample F
UAH04B01 - Sample H
UAH04B01 - Sample I
UAH04B01 - Sample M
UAH04B01 - Sample O
UAH04B02 - Sample A
UAH04B02 - Sample I
UAH04B02 - Sample K
UAH04B02 - Sample L
UAH04B02 - Sample M

5.6.6

Upper
Current Density, J
DC Conductivity, σ
Electrode
Surface Area Expanded Relative Expanded Relative
Configuration (A/mm2)
(%)
(S/m)
(%)
Plate
0.000898
12.71
0.01480
6.32
Plate
0.000895
15.27
0.00578
5.17
Plate
0.000858
9.48
0.01835
7.25
Plate
0.000914
12.99
0.01179
13.19
Plate
0.000948
10.39
0.00863
4.57
Plate
0.000717
17.80
0.01386
13.10
Plate
0.001004
16.58
0.01184
10.08
Plate
0.000874
14.45
0.01102
12.29
Plate
0.000981
14.80
0.01110
12.39
Plate
0.000857
9.74
0.00787
4.15
Plate
0.000846
8.63
0.00869
3.91
Plate
0.001011
17.78
0.01215
11.01

Burning Location Electrode Polarity and Relative Surface Area
The burning location electrode polarity and relative surface area is a qualitative

assessment of the burning behavior identifying burning location patterns. The results can be used
for improving the theoretical understanding and supporting the quantitative experiment results.
For example, the burning location electrode patterns define preferential burning sites correlated to
the experiment design test conditions. This information can be insightful for understanding the
underlying science and refining the theoretical explanation for the observed electrical response.
Furthermore, the burning location was used in defining current density when the electrode area
ratios are not equal or 1:1. A decision must be made how best to define specific parameters and
the burning behavior related to the electrode location patterns is a useful method.
The burning location electrode polarity as a function of the burning location electrode
surface area is displayed in Figure 5.22.

The selection of the independent and dependent

variables is arbitrary with either of two variable assignments producing the same results. The
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burning location electrode surface area contains three categorical definitions of wire (smaller),
equal, and plate (larger). The burning location electrode polarity consists of two categorical
groups of cathode (negative) and anode (positive). Furthermore, the electrode pair configurations
are grouped according to their upper electrode being wires, plates, and center points. Physically
this corresponds to 0.010 inch diameter wire and plate, plate and plate, and 0.020 inch diameter
wire and plate electrode pair configurations, respectively. Finally, each wire, plate, and center
point data point marker is annotated with the upper electrode polarity and applied voltage
experiment design setting along with the number of tests represented by the data point marker.

Anoode
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1.5

+, 200 V (2 tests)
+, 300 V (1 test)

-, 300 V (1 test)

+, 250 V (3 tests)

-, 250 V (2 tests)

1

0.5

+, 300 V (3 tests)
-, 300 V (3 tests)
+, 200 V (3 tests)
-, 200 V (3 tests)

0

-0.5

Cathode
(Negative)

Burning Location Electrode Polarity, BLE_P (~)

No Transients -- Grouped

Wires
Plates
Center Points

-1

-1.5

-, 200 V (2 tests)
-, 300 V (1 test)

-1.5Smaller-1(Wires)-0.5 Equal0(Plate) 0.5 Larger1(Plate) 1.5
Burning Location Electrode Relative Surface Area,
BLE_RSA (~)

Figure 5.22 Electric Solid Propellant Burning Location Electrode Polarity and Relative Surface
Area Grouped by Electrode Pair Configurations.
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For example, the lower left position at the (x,y) = (Smaller, Cathode) location has one
blue diamond data point marker. This marker corresponds to a 0.010 inch diameter wire upper
electrode within the wire and plate electrode pair configuration. This marker also shows that two
experiment design set points have results at this position. Set point one has the following values:
upper electrode polarity equal to negative, applied voltage equal to 200 V, and upper electrode
surface area equal to 0.008 in.2 using a 0.010 inch diameter wire. Set point two has the following
values: upper electrode polarity equal to negative, applied voltage equal to 300 V, and upper
electrode surface area equal to 0.008 in.2 using a 0.010 inch diameter wire.
The graph indicates that set point one has 2 tests with results at this position and set point
two has 1 test with results at this position. Therefore, when 200 V was applied to a propellant
sample having a positive polarity lower plate electrode and a negative polarity upper wire
electrode, burning was observed to occur at the cathode or negatively charged and smaller
electrode surface area. This result was observed for two unique tests. Additionally, when 300 V
was applied to a propellant sample having a positive polarity lower plate electrode and a negative
polarity upper wire electrode, burning was observed to occur at the cathode or negatively charged
and smaller electrode surface area. This result was observed for one unique test.
This example can be applied to all 6 positions of the 3x2 grid, although the
(x,y) = (Equal, Cathode) and (x,y) = (Larger, Cathode) positions contain no experiment results.
The upper left and upper right positions contain both wire and center point electrode pair
configurations. However, the interpretation remains the same and the overlap signifies the wire
and center point configurations have results at the same position on the graph.
Each experiment dataset contains video files used to determine where propellant burning
occurred. For the 0.020 inch diameter center point or 0.010 inch diameter wire experiments, the
propellant will burn on either the lower plate electrode or the upper wire electrode. Therefore, the
0.010 inch diameter wire and plate (wire) and 0.020 inch diameter wire and plate (center point)

184

configuration results are located either on the x-axis “Smaller (Wires)” or “Larger (Plate)”
vertical positions.
For the plate and plate electrode pair configuration the electrode surface areas are equal.
The propellant burned on either the lower plate electrode or the upper plate electrode. Therefore,
all plate and plate configuration results are located on the x-axis “Equal” vertical position.
Additionally, the electrode polarity assigned by the experiment design was used in
determining the burning location electrode polarity. Propellant burning was observed only on one
electrode and was manually via review of the experiment video.

The previous discussion

assigned the burning location to the relative surface area. Now the burning location can be
assigned to the polarity. The combination of the two qualitative assessments completes the 3x2
matrix as displayed in the above graph.
Finally, for the plate and plate electrode pair configurations all 12 propellant samples
burned at the anode or positive electrode. No samples were observed to burn at the cathode or
negative electrode for the plate and plate configurations. These results suggest preferential
propellant burning at the anode or positive electrode when the electrode surface areas are equal
and the electrode surface area ratio is 1:1.
For the 5 tests having 0.020 inch diameter wire and plate electrode pair configurations
serving as the center points, 3 experiments had propellant burning at the smaller or wire electrode
acting as the anode or positive electrode. The remaining 2 experiments had propellant burning at
the larger or plate electrode serving as the anode or positive electrode. Both of these tests had an
upper electrode polarity experiment design setting of negative. The 3 experiments burning at the
smaller, positive wire electrode burned as expected based on previous experience and prior
experimentation. The 2 experiments burning at the larger plate electrode with positive polarity
burned in an unexpected manner. They were expected to burn at the smaller electrode surface
area regardless of the polarity, which was negative for both tests.
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Regarding the 7 tests having a 0.010 inch diameter wire and plate electrode pair
configuration, 6 experiments had propellant burning at the smaller or wire electrode with the
experiment design upper electrode polarity assignments matching the burning location electrode
polarity. In other words, the experiments with upper electrode wires assigned a negative polarity
by the experiment design had results showing the propellant burned at the negative electrode.
Those experiments having been assigned a positive polarity for the upper electrode wires by the
experiment design had propellant burning at the positive electrode. The remaining 1 experiment
out of the 7 total had propellant burning at the larger plate electrode with positive polarity. For
this test the upper electrode wires had a negative polarity. The results for this 1 experiment were
not expected given previous experience and prior experimentation.

The expected burning

behavior was for propellant burning at the smaller surface area regardless of the electrode
polarity, which for this experiment was negative.
All 24 successful tests exhibited the expected burning behavior with the exception of the
aforementioned 2 center point and 1 wire and plate configurations. Reasons for the deviations
from these trends observed for the 3 experiments were not investigated in depth. Potential causes
include propellant cutting errors, electrode interactions, propellant formulation effects, electrical
power effects or electrostatic discharge, unknown effects, combination of these causes, or the
phenomenon was real and not accounted for by experience, experimentation, or theory.
However, the expected behavior is consistent with previous experience and prior experimentation
for the conditions investigated. Furthermore, the electrode polarity and electrode surface area
ratio effects observed in the experiment data and results were predicted by the electrolytic theory
discussed in a prior chapter.
When the electrode surface areas are not equal and the electrode surface area ratio is not
1:1, burning preferentially occurs at the smaller surface area regardless of electrode polarity and
voltage. This behavior was observed for all wire and plate configuration tests excluding the
aforementioned 3 experiment exceptions where the observed behavior was reversed. The current
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density at the smaller electrode surface area produces joule or ohmic heating sufficient in
conjunction with the electrolytic generation of oxidative species for propellant combustion as
predicted by the electrolytic theory.
For equal electrode surface areas and electrode area ratios being 1:1, burning
preferentially occurs at the anode or positive electrode. In this case, preferential burning at the
anode can be explained through the electrolytic theory where the O species have two unsaturated
valence electron positions making this oxidative species highly reactive. The OH oxidative
species generated by electrolysis at the cathode has one unsaturated valence electron position and
is less chemically reactive. The O oxidative species is generated at the anode and the quantity
generated is proportional to the electrical current. This observed burning behavior was predicted
by the electrolytic theory.
5.6.7

Mass Loss Ratio Burning Volume Estimation to Experiment
The burning volume estimation to experiment mass loss ratio evaluates the mass loss

predicted by the expected propellant combustion volume divided by the experiment pretest minus
posttest mass loss. The burning volume estimation is calculated using the measured displacement
and electrode dimensions. For an example, an experiment using a 0.010 inch diameter wire and
plate electrode pair configuration assumes that propellant burning occurs only at the burning
location electrode. For the majority of experiments the burning location electrode is the smaller
surface area. In this example the burning location electrode is the 0.010 diameter wire with no
propellant burning assumed at the lower plate electrode. Therefore, as the propellant burns the 4
electrode wires combust an assumed volume out of the propellant sample. For the burning
volume estimation the propellant sample is assumed perfectly stationary and non-deforming.
Additionally, propellant burning is limited to the combustion volume in direct contact with the
electrodes with no combustion occurring at any distance into the propellant bulk. The 4 electrode
wires have a known diameter and the propellant length is also known. This propellant interface
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surface area is then combined with the total displacement distance measured by the LVDT sensor.
The result is the propellant burning volume estimation. This estimation can be multiplied by the
estimated propellant density thereby arriving at the estimated mass loss due to the burning
volume.
The burning volume estimation to experiment mass loss ratio experiment results are
provided in Figure 5.23 grouped by electrode pair configurations and with the uncertainty
analysis results. This mass loss ratio provides a method for understanding the propellant burning
behavior as a function of the electrode pair configurations. These results describe how the
propellant burns for a given upper electrode geometry and provides insight into how the electrode
progresses through the bulk propellant. Note the graph contains a horizontal line identified in the
legend as “MLR” representing the mass loss ratio being equal to 1. Ideally, all tests should be
plotted on or very close to a mass loss ratio of 1. However, the results show most experiments
falling above this line with some being below the line. Mass loss ratios greater than 1 signify the
burning volume estimation was too high. Ratios less than 1 identify burning volume estimations
that were too low. In other words, a mass loss ratio greater than 1 indicates the actual combustion
volume is smaller than estimated using the electrode and propellant dimensions coupled with the
displacement data. Ratios less than 1 show the actual combustion is larger than the estimated
combustion volume using the displacement of the electrode through the propellant with known
dimensions.
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Figure 5.23 Electric Solid Propellant Burning Volume Estimation to Experiment Mass Loss
Ratio as a Function of Current Density and Grouped by Electrode Pair Configurations.

For the plate and plate electrode pair configurations, the burning volume estimation to
experiment mass loss ratios ranged between 1.3-21.6. Excluding the one experiment having a
ratio of 21.6, the range then becomes 1.3-5.4. Out of the 12 total plate and plate configurations,
6 experiments had a ratio between 1.3-1.7 indicating a relatively more modest over prediction of
the mass loss through the burning volume estimation.
The video for the plate and plate configuration experiments shows propellant flattening
with time.

Therefore, the large burning volume estimation to experiment mass loss ratios

calculated for these tests is attributed to the propellant sample changing shape. The videos
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frequently show the sample mushrooming toward the edges and then out from under the upper
plate. Images of the resulting posttest short cylinder confirm this behavior with a clear pretest
footprint visible. Therefore, while the upper electrode propellant interface increases in area,
propellant physical displacement within or outside the electrode surface area artificially increases
the estimated burning volume with respect to the actual combustion volume. Furthermore, while
the plates have significantly increased propellant electrode interface surface areas, the
experiments also have the predominately lowest current and burning rate levels of all tests,
including the 0.010 inch and 0.020 inch diameter wire upper electrode experiments.
Perhaps the large surface area inherent in the upper electrode plates is a limiting factor
for the electrochemical reactions. While the larger surface area would be expected to facilitate
higher currents due to an increased number of electron transfer sites accepting a larger number of
ionic species, the plates exhaust the available electroactive species faster than they can be
supplied. The process becomes diffusion limited and the current become self-limiting thereby
restricting the burning rate. The plates progress into fresh propellant but at an insufficient rate to
overcome the diffusion limitation with any substantial effect. The increased level of propellant
charring compared with the upper electrode wire experiments suggests greater influence from the
thermochemical combustion mechanism perhaps related to combustion inefficiency.
For the center point 0.020 inch diameter wire and plate electrode pair configurations, the
burning volume estimation to experiment mass loss ratios range between 0.7-2.9. Excluding the
one experiment having a ratio of 2.9, the mass loss ratio range reduces to 0.70-0.98 signifying a
decent to good approximation of the combustion volume.
Experiment video and posttest images indicate a cleaner propellant burn focused more
around the electrode wires, especially compared with the plate and plate configurations. As
expected based on previous experience and prior experimentation, the electrode wires effectively
slice the propellant sample at the propellant electrode interface resulting in smaller propellant
divisions. Posttest image reveals char primarily limited to the propellant electrode interface.
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Additionally, the char is not as extensive as that observed for the plate and plate configurations.
The bulk propellant away from the propellant electrode interface appears generally unaffected.
Regarding the 0.010 inch diameter wire and plate electrode configurations, the burning
volume estimation to experiment mass loss ratio has a range between 0.7-2.0 with a fairly even
distribution. Experiment video and posttest images show propellant slicing at the propellant
electrode interface.

Char is visible and predominately limited to the propellant electrode

interface. The propellant divisions appear cleaner than the other two electrode configurations.
Bulk propellant away from the propellant electrode interface appears to have minimal to no
changes from the experiment whether electrochemical or thermochemical.
Finally, the burning volume estimation to experiment mass loss ratios for all tests
suggests the electrochemical effects are augmented by thermochemical reactions.

The

thermochemical effects are expected to be initiated and sustained by the electrochemical
reactions. Any electrode configuration is expected to exhibit these characteristics but the results
demonstrate the ability to design a degree of control into the general magnitude. The results
appear heavily influenced by the electrode pair configuration geometry. Furthermore, the results
can also be thought of as an efficiency factor considering influences into the surrounding bulk
propellant for burning augmentation and or gas generation.
The burning volume estimation to experiment mass loss ratio and current density
uncertainty analysis result are presented in Table 5.10. The current density uncertainty analysis is
identical to previous discussions with additional details available in the burning rate section. The
uncertainty analysis results are given for all 24 successful tests and are organized according to the
electrode pair configuration. The plate and plate configurations are the blue shaded rows. The
0.020 inch diameter wire and plate configurations serving as the center points are presented in the
green shaded rows. The wire and plate configurations are displayed in the red shaded rows. The
sample serial numbers are provided for general tracking of the experiment results throughout the
research.
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Table 5.10 Burning Volume Estimation to Experiment Mass Loss Ratio and Current Density
Uncertainty Analysis Results.

Sample Serial Number
UAH04B01 - Sample C
UAH04B01 - Sample D
UAH04B01 - Sample F
UAH04B01 - Sample H
UAH04B01 - Sample I
UAH04B01 - Sample M
UAH04B01 - Sample O
UAH04B02 - Sample A
UAH04B02 - Sample I
UAH04B02 - Sample K
UAH04B02 - Sample L
UAH04B02 - Sample M
UAH04B01 - Sample A
UAH04B01 - Sample B
UAH04B01 - Sample N
UAH04B02 - Sample B
UAH04B02 - Sample G
UAH04B01 - Sample E
UAH04B01 - Sample G
UAH04B01 - Sample J
UAH04B01 - Sample L
UAH04B02 - Sample C
UAH04B02 - Sample E
UAH04B02 - Sample F

Upper
Electrode
Surface Area
Configuration
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Center Point
Center Point
Center Point
Center Point
Center Point
Wire
Wire
Wire
Wire
Wire
Wire
Wire

Current Density, J
Expanded Relative
(A/mm2)
(%)
0.000898
12.71
0.000895
15.27
0.000858
9.48
0.000914
12.99
0.000948
10.39
0.000717
17.80
0.001004
16.58
0.000874
14.45
0.000981
14.80
0.000857
9.74
0.000846
8.63
0.001011
17.78
0.002279
8.15
0.002390
22.61
0.003109
23.15
0.002345
8.50
0.002436
23.63
0.011398
10.85
0.008807
11.35
0.006251
63.55
0.010540
10.88
0.008493
11.65
0.003910
33.36
0.004998
17.00

Burning Volume
Estimation to
Experiment Mass
Loss Ratio,
MLRBVEtoE
Expanded Relative
(~)
(%)
0.1241
5.74
0.2211
4.31
0.1572
4.82
0.0687
4.16
0.2985
5.86
0.0380
2.88
0.0728
4.89
0.0618
4.66
0.0751
5.36
1.5508
7.20
0.3451
6.39
0.0570
4.44
0.0459
5.76
0.0177
1.82
0.0239
3.06
0.0419
5.95
0.0465
1.60
0.0419
4.95
0.0816
10.43
0.0210
1.11
0.1672
11.67
0.0663
8.91
0.1437
7.12
0.1214
7.25

For the plate and plate configurations, the relative uncertainty has a range of 3-7%. The
greatest contributor to the uncertainty is the burning distance having a UPC of 92-100%. The
remainder consists of the sample pretest mass, propellant electrode interface height, and the mass
loss during the experiment. The propellant electrode interface height is dominating contributor
for the remainder percentage contribution.
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For the center point 0.020 inch diameter wire and plate configurations, the mass loss ratio
relative uncertainty range is 2-6%. The greatest contributor to the uncertainty is the burning
distance having a UPC of 43-97%. The next greatest contributor is the wire diameter with a UPC
of 29-52%. The remainder consists of very small contributions from the sample pretest mass,
propellant electrode interface length and height, and mass loss during the experiment.
For the 0.010 inch diameter wire and plate configurations, the burning volume estimation
to experiment mass loss ratio relative uncertainty has a range of 1-12%. The greatest contribution
to the uncertainty is the burning distance with a UPC of 22-80%. The next largest contributor is
the wire diameter having a UPC of 19-76%. The burning distance and wire diameter UPC values
are close in value to each that they share similar contribution effects to the mass loss ratio
uncertainty. The remainder is comprised of very small contributions made by the sample mass
pretest, propellant electrode interface width and height, and the mass loss during the experiment.
5.7

Summary
The electric solid propellant electrical response experiment results were presented and

discussed in this chapter. The experiment data, results, and conclusions are new contributions to
the field and fill a knowledge gap on ESP electrical response. The datasets generated through
fundamental laboratory experimentation do not exist in the public domain literature. In addition
to the experiment data, an uncertainty analysis and statistical analysis were completed adding to
the datasets and enhancing the results and conclusions. The resulting datasets facilitate the
determination of a burning rate relationship, theoretical to experiment comparison, power
calculation correlated with experiment design factors, dc electrical conductivity calculations,
burning behavior qualitative assessments, and estimated burning volume to experiment
comparison. Additional parameters can also be calculated using the datasets. The experiment
data, analysis, results, and conclusions provide significance through the enhanced theoretical and
experimental understanding of the observed ESP electrical response.
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5.7.1

Burning Rate
The burning rate was determined as a function of current density and as a function of the

upper electrode polarity, voltage, and upper electrode surface area. The former burning rate
relationship was determined using a power fitted regression analysis of the calculated values.
The later burning rate relation was determined through a statistical analysis of the experiment
design factors and the calculated burning rate values.
The burning rate as a function current density is represented as

r  2.7131J 0.958

(5.5)

where the coefficient of determination or R-squared value equaled 0.9029. The power equation
fits the experiment data well as indicated by the R-squared value. Furthermore, a qualitative
assessment of the graphical presentation reinforces the validity of the relationship given the data
distribution consistent with a power fit.
Regarding the uncertainty analysis results, of the 24 successful tests included in the
burning rate analysis, 18 experiments have burning rate relative uncertainties less than 10%.
Those experiments having a relative uncertainty greater than 10% could have their uncertainties
reduced through retesting of those set points. Propellant slip and electrode wire breakage were
observed in several experiments and increase the uncertainty through insufficient data due to
early termination of the test. Furthermore, reevaluation of the experiment setup and uncertainty
analysis routines may provide additional avenues for reductions in the uncertainty.
Finally, the power law relationship between current density and burning rate could be
coupled with the traditional burning rate power law pressure dependency of conventional solid
propellants. The approach would be similar to coupling the pressure and oxidizer flow power law
burning rate relationships for a hybrid propellant. The result would be a combination of the
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electrochemical and thermochemical components potentially representing observed burning
behavior at elevated pressures.
The burning rate regression equation determined by the statistical analysis is

r  0.288  0.243pUE  0.002255V  7.78AUE  0.001505pUEV
 5.71pUE AUE  0.0572VAUE  0.0903C P

(5.6)

where pUE is the upper electrode polarity, V is the applied electrical voltage, AUE is the upper
electrode surface area, and C P is the center point variable accounting for curvature. This
equation represents a reduced model where the terms determined to not be statistically significant
have been removed. The model summary for the complete model having all terms included has
an R-squared value of 85.33%. This value indicates a fairly good fit of the model to the burning
rate response as a function of the aforementioned experiment design factors.
While the burning rate relationship resulting from the statistical analysis is more
complicated and less intuitive than the burning rate as a function of current density equation, the
result accounts for the experiment design factors controlled during each experiment.
Furthermore, the statistical analysis determines significant interactions between the experiment
design factors and assigns the relative importance within the regression equation modeling the
burning rate response. The statistical analysis approach provides another method for evaluating,
representing, and interpreting the experiment results in a practical manner.
Note the burning rate uncertainty analysis results are identical for the statistical analysis
results as for the burning rate versus current density relationship. The uncertainties for the
independent variables are also identical regardless of the analysis method. Furthermore, the same
considerations for reducing the uncertainties as previously discussed are applicable for the
statistical analysis method.
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Finally, the statistical analysis could be further investigated and reevaluated.

One

example would be reevaluation using the reduced model thereby determining any possible
improvements in the model. The statistical analysis software may also be able to provide
additional data and insight toward improving the experiment design, setup, operation, and
analysis. Continued statistical analysis of the experiment data may provide potential areas for
enhancement or completely new directions for future work.
5.7.2

Electrolytic Theory to Experiment Mass Loss Ratio
The electrolytic theory to experiment mass loss ratios have a range of 0.02-0.19 with all

but one experiment having a ratio less than 0.10. The actual experiment mass loss is significantly
larger than the mass loss predicted by the electrolytic theory. However, the experiment mass loss
is expected to be larger given the theory does not account for thermochemical reactions occurring
outside the context of the proposed electrochemical mechanism. The experimentation conducted
for this research and prior experimentation has demonstrated the presence of a thermochemical
mechanism in addition to an electrochemical process. The thermochemical reactions can be
augmented by pressure and thermal effects whether through external sources or based on the
electrochemical reactions.
The uncertainty analysis calculated a relative uncertainty range of 1-18% for the
electrolytic theory to experiment mass loss ratios. For the 24 successful tests included in the data
analysis, 18 experiments had ratios calculated to have a relative uncertainty of less than 10%.
Improvements in the experiment setup, cut propellant sample dimensions, and uncertainty
analysis may reduce the uncertainty as discussed in the burning rate section.
The regression equation determined through the statistical analysis is

MLRTtoE  0.0613 0.0359pUE  0.000088V  0.01817VAUE
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(5.7)

where pUE is the upper electrode polarity, V is the applied electrical voltage, and AUE is the
upper electrode surface area.

This is a reduced model where terms determined to not be

statistically significant have been removed. The complete model summary containing all terms in
the regression equation has an R-squared value of 82.67%. This result indicates a fairly good fit
of the response model to the experiment design factors.
Finally, the electrolytic theory to experiment mass loss ratio values are much less than 1
and therefore suggests the electrochemical mechanism makes a small contribution to the overall
ESP combustion mechanism. Furthermore, the current electrolytic theory made need to be
refined and or expanded regarding the electrochemical mechanism. A thermochemical theory
will need to be added to the existing theory or made as a separate, stand-alone theory with
interfaces to the electrochemical theory. Additionally, the experiment design and setup may need
to be reevaluated depending on the research objectives whether for purely ESP electrochemical or
overall ESP combustion mechanism.
5.7.3

Electrical Power
The electrical power histogram shows a wide range of values of 15-170 W. The power

measured for each experiment is strongly dependent on the upper electrode surface area
experiment design factor. The upper electrode polarity and applied electrical voltage were also
shown to affect the distribution. Additionally, the power results grouped fairly well based on the
electrode pair configuration and by polarity and voltage within each configuration.
The electrical power relative uncertainty had a range of 4-32%. For the 24 successful
tests, 14 experiments had a relative uncertainty less than or equal to 10%. An additional 9
experiments had relative uncertainties of 10-15%. One experiment had a calculated relative
uncertainty of 32%.
The regression equation determined through the statistical analysis is
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P  150.8  53.6 pUE  1.014V  4901AUE  26VAUE

(5.8)

where pUE is the upper electrode polarity, V is the applied electrical voltage, and AUE is the
upper electrode surface area. This reduced model consists of only the statistically significant
terms with the insignificant terms removed. The complete model with all terms retained has an
R-squared value of 83.11%. The upper electrode surface area was determined to have the
greatest impact on the power response.
Possible improvements in the power response would focus on reducing the uncertainty in
the measured voltage and current. Determining the cause and solution would benefit other
parameters as well. However, the uncertainty in the voltage and current may be valuable data
representing a real physical process occurring within the propellant.
5.7.4

DC Conductivity
The dc electrical conductivity values were calculated to have a range of approximately

0.09-0.25 S/m. The uncertainty analysis results show a relative uncertainty of 5-13%. For the
12 experiments used in the data analysis, 6 experiments had a calculated relative uncertainty of
less than 10%.
These experiments were conducted using only the plate and plate electrode pair
configurations. The analysis was completed using the assumption of a uniform electric field
experienced by the propellant sample and generated by two parallel plates. The experiment data
can be revisited to calculate the dc electrical conductivity for the more complicated cylindrical
electrode geometries used in this research. The appropriate equations would need to be found in
the literature or derived.
5.7.5

Burning Location Electrode Polarity and Relative Surface Area
The burning location as a function of the electrode polarity and relative surface area was

determined through a qualitative assessment of the observed propellant burning behavior. For the
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plate and plate electrode pair configurations consisting of propellant electrode interfaces having
equal surface areas, the propellant preferentially burned on the anode or positive electrode. This
burning behavior was expected based on prior experimentation. For the wire and plate electrode
pair configurations comprised of propellant electrode interfaces having unequal surface areas,
propellant burning occurred at the smaller electrode surface area regardless of the electrode
polarity for all but 3 experiments. These 3 experiments burned at the larger electrode surface area
regardless of the polarity. The expected burning behavior based on prior experimentation is
propellant burning at the smaller electrode surface area regardless of the electrode polarity.
Reasons for the deviation from this expected behavior by the 3 experiments were not
investigated. However, potential causes include propellant cutting errors, electrode interactions,
propellant formulation effects, electrical power effects or electrostatic discharge, unknown
effects, combination of these causes, or the phenomenon was real and not accounted for by
experience, experimentation, or theory.

Additional research could be directed toward

determining the cause of the observed deviation from the expected propellant burning behavior.
5.7.6

Burning Volume Estimation to Experiment Mass Loss Ratio
The burning volume estimation mass loss was calculated and compared with the actual

experiment mass loss. The resulting mass loss ratio provides a metric for understanding the
extent of the propellant burning.

The burning volume estimation assumes a rigid volume

consumed during combustion with the dimensions defined by the electrode and propellant
dimensions coupled with the displacement data. Resulting mass loss ratios greater than 1 indicate
an over prediction by the burning volume estimation while values less than 1 an under prediction.
In other words, a mass loss ratio greater than 1 suggests the actual combustion volume was
smaller than the rigid volume estimation calculated from the electrode and propellant dimensions.
Physically, the electrodes effectively cut without removing through combustion a certain
percentage of the propellant out of the expected combustion volume.
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For the plate and plate electrode pair configurations, the burning volume estimation to
experiment mass loss ratios had a range of 1.3-21.6. One experiment had a mass loss ratio of
21.6 and removal of this test reduces the range to 1.3-5.4. For the 12 total plate and plate
configurations, 6 experiments had a ratio of 1.3-1.7. These ratios suggest a relatively more
modest over prediction of the mass loss due to the burning volume estimation.
For the center point 0.020 inch diameter wire and plate electrode pair configurations, the
burning volume estimation to experiment mass loss ratios have a range of 0.7-2.9.

One

experiment has a mass loss ratio 2.9. Excluding this experiment from consideration the ratio
range reduces to 0.70-0.98. These ratios signify a fairly good approximation of the combustion
volume based on the expected burning behavior.
Regarding the 0.010 inch diameter wire and plate electrode configurations, the burning
volume estimation to experiment mass loss ratio has a range of 0.7-2.0. The ratios are distributed
fairly evenly over this range with no significant outliers. Therefore, this mass loss ratio range is
not adjusted to a reduced range as done for the previous two electrode pair configurations.
The burning volume estimation to experiment mass loss ratio relative uncertainty range is
2-12% for all experiments. One experiment has a relative uncertainty of 12%. Removal of this
one experiment reduces the relative uncertainty for the remaining 23 tests to less than or equal to
10%.
The burning volume estimation mass loss parameter generally over predicts the
combustion volume and therefore the burned propellant mass. The wire electrodes are assumed
to effectively cut without combusting. The plate electrodes are assumed to effectively spread
without combusting. Experiment video and posttest images suggest this qualitative assessment is
plausible and fairly accurate.

Additionally, heat generated by the electrochemical and

thermochemical reactions will increase the propellant temperature thereby reducing the physical
strength of the propellant. This softening effect coupled with the mass of the upper electrode
head may contribute toward the observed over predictions.
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While the upper electrode head mass is on the order of 9-35 g and consider low, the mass
may exert a sufficient force on a softened propellant surface to producing a cutting effect.
Furthermore, the electrode head force divided by the propellant electrode interface surface area
will generate a pressure on the order of 0.5-10 pounds per square inch. The lower values
correspond to the plate and plate electrode pair configurations. The upper values correspond to
the 0.010 inch diameter wire and plate electrode pair configurations. The center point 0.020 inch
diameter wire and plate electrode pair configurations have an electrode head mass and pressure of
35 g and 5 psi, respectively.
This small upper electrode head pressure is very small especially compared with typical
pressure test conditions on the order of hundreds to thousands of psi. However, the small
pressure may be sufficient to slightly augment the localized burning thereby affecting the burning
volume estimation to experiment mass loss ratio. While this effect is assumed negligible for the
data analysis conducted in this research, this effect was not investigated and may be a potential
future consideration.
Finally, the burning volume estimation to experiment mass loss ratio can be viewed as an
electrical response efficiency metric for the conditions investigated. The propellant burning
behavior observed for all the experiments demonstrates consistently predictable responses to the
experiment design factors, with the exception of the 3 atypical burning behavior experiments.
The extent and efficiency of combustion can be compared as a first order approximation across
the experiment design space using the burning volume estimation to experiment mass loss ratio.
Combustion efficiency can be defined as minimization of the combustion volume toward
the propellant electrode interface.

Therefore, smaller electrode surface areas have greater

efficiency in terms of the percentage of the combustion volume consumed during an experiment.
Increasing combustion efficiency is indicated by a burning volume estimation to experiment mass
loss ratio approaching 1. Ideal combustion efficiency is defined as a ratio equal to 1.
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Combustion extent can be defined as the maximization of the combustion volume away
from the propellant electrode interface. Therefore, larger electrode surface areas have a greater
extent in terms of the percentage of the combustion volume consumed during an experiment.
Increasing combustion extent is indicated by a burning volume estimation to experiment mass
ratio diverging from 1. Ideal combustion extent will depend on numerous factors such as the
electrode design and propellant dimensions.
The actual, desired operation may be a balance of efficiency and extent. The mission
drivers, physical limitations, and operational requirements will dictate the balance whether static
or dynamic. One benefit of ESP is the potential for multiple operational capabilities in real-time.
Therefore, a propellant can be used efficiently with low level gas generation or at high burning
rates. The propellant can also be used at high extents where large surface areas are combusted or
at low burning rates. Obviously, the results presented here are in the context of the conditions
investigated. The results can provide insight for additional conditions but with the caveat that the
results are specific to the test conditions. Additional research is necessary to fill in the knowledge
gaps at additional experiment conditions with connections to the research presented in this
dissertation.
5.8

Conclusions
The burning rate as a function of current density was determined. The current density

exponent was calculated to be 0.958 making the relationship nearly linear or directly
proportional. The relationship was defined as a power law relationship similar in form to the
burning rate with pressure burning rate law for conventional solid propellants. The current
density exponent being nearly 1 indicates an almost directly proportional relationship. This direct
proportionality supports the electrolytic mechanism as the underlying explanation for the
observed ESP electrical response.

202

The mass loss predicted by the electrolytic theory was compared with the experiment
measured mass loss with this ratio having values ranging between 0.02-0.19. This mass loss ratio
defines the expected mass loss due to the theoretical electrochemical reactions divided by the
observed mass loss due to electrochemical and thermochemical reactions occurring for each
experiment. While the theory does not account for the thermochemical component, this ratio
provides insight into the actual mass loss and the effects of the experiment design factors.
The electrical power for each experiment was calculated and presented as a histogram.
The statistical analysis results indicated a strong dependence on the upper electrode surface area
on the power response.

Additionally, the dc electrical conductivity was calculated from

experiment data to be approximately 0.09-0.25 S/m and having a range between drinking water
and sea water. The conductivity is a measure of ion mobility and concentration.
The burning location was determined as a function of the electrode polarity and surface
area and provides a qualitative assessment of the burning behavior. The results demonstrated
preferential burning for the anode or positive electrode when both electrodes have equal surface
area or the electrode surface area ratio is 1:1. Additionally, for the conditions investigated,
propellant burning would occur at the smaller electrode surface area regardless of the polarity
when the electrodes have different surface areas or the electrode surface area ratios are not 1:1.
However, three experiments having an electrode surface area ratio not equal to 1:1 did not exhibit
this burning behavior and burned at the larger surface area having a positive polarity. This
behavior was not expected and is not consistent with previous experience and prior
experimentation. Reasons for this unexpected behavior were not fully investigated but proposed
causes are presented.
The mass loss predicted by the burning volume estimation was compared with the
experiment measured mass loss. The results indicate a very strong dependency on the upper
electrode surface area or more generally the electrode surface area and ratio. The plate and plate
configurations had a mass loss ratio range of 1.3-21.6. The center point 0.020 inch diameter wire
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and plate configurations were calculated to have a ratio of 0.7-2.9. The 0.010 inch diameter wire
and plate configurations had a mass loss ratio of 0.7-2.0. The results define the actual mass loss
with respect to the ideal mass loss based on the physical dimensions of the electrode and
propellant and the measure displacement.
Finally, the combination of the results obtained during the electrical response
experimentation suggests additional processes are occurring in the overall ESP combustion
mechanism outside any electrolytic mechanism for the conditions investigated.

The

electrochemical reactions provide an initiation of thermochemical reactions through generation of
oxidative species, liberation of reactants, and the development of heat through current density
effects. However, the thermochemical reactions were shown to be dominant even at atmospheric
conditions as evidenced by the mass loss ratio between the mass loss predicted by the electrolytic
theory and the experiment mass loss measurement. Furthermore, the observed thermal response
demonstrated different characteristics compared with the flame sensitivity results. The electrical
response burning behavior suggested electrostatic discharge was occurring at the burning location
electrode. Electrostatic discharge was associated to the breakdown voltage of the PVA resulting
in temporary conductive pathways from the electrode to the double layer. This represents a
temporary leak current within a capacitor defined by the electrode and the build of oppositely
charge ionic species.

The high electric field and excessive overpotential required for

electrochemical reactions sets up this behavior and is defined as the explanation for the high
voltages required for propellant combustion. The electrostatic discharge potential exceeds the
PVA breakdown voltage thereby ionizing the polymer units and surrounding HAN. The resulting
ionic species contribute to the existing electrochemical and thermochemical processes and create
new reaction pathways driving the observed ESP electrical response.
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CHAPTER 6

ELECTROANALYSIS EXPERIMENTATION

Electric solid propellant electroanalysis experiment results are presented and discussed in
this chapter. The experiment data, results, and conclusions fill knowledge gaps and supply an
initial fundamental experimentation dataset not currently present in the public domain literature.
The significance of the electroanalysis experimentation and resulting datasets is the calculation of
diffusion coefficients, conductivity, impedance measurements, determination of an equivalent
electrical circuit, and a qualitative assessment of the redox potentials. The datasets also facilitate
future research and has the potential for determination of additional parameters. Finally, the
electroanalysis experiment data, results, and conclusion contribute significantly through the
enhancement of the theoretical, experimental, and operational knowledge base.
The diffusion coefficients were determined for the hydroxylammonium and nitrate ions
for stainless steel and platinum working electrodes. The platinum electrode experiment results
suggest improved consistency compared with the stainless steel experiments. The diffusion
coefficient for the hydroxylammonium ion had a calculated range of about 5.2x10-10 cm2/s to
2.4x10-7 cm2/s for the stainless steel electrodes and a range of approximately 3.1x10-7 cm2/s to
3.6x10-7 cm2/s for the platinum electrodes. The diffusion coefficient for the nitrate ion had a
range of approximately 3.3x10-9 cm2/s to 5.6x10-8 cm2/s for the stainless steel electrodes and
about 2.7x10-7 cm2/s to 3.5x10-7 cm2/s for the platinum electrodes. The diffusion coefficients can
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also be used to calculate the ion mobility and ion drift velocity. All three terms provide data
related to the ESP electrochemical and physical property responses to an applied electric field.
The ESP electrical conductivity was approximated for cylindrical electrodes and
variations in the working to counter electrode separation distance and propellant electrode surface
area. The conductivity results for the stainless steel working electrode have a range of about
1.4-19.6 S/m over a frequency range of 0.1-10 kHz and the platinum electrodes have a range of
approximately 3.8-22.0 S/m over the same frequency range. The electrical conductivity showed
strong frequency dependence at lower frequencies and approaching a constant value with
increasing frequency.
The ESP impedance and phase were measured for stainless steel and platinum working
electrodes. The impedance decreased with increasing frequency while the phase approaches zero
with increasing frequency. These results are consistent with the electrical conductivity results
and suggest changes in the ESP electrochemical and physical properties as a function of the
nature of the applied alternating current electric field.
An ESP equivalent electrical circuit was determined based on the measured impedance
and phase experiment data. The equivalent electrical circuit correlates the experiment data to the
ESP electrochemical properties. Each circuit element must correspond to a known or expected
electrochemical property. The determined equivalent electrical circuit accounts for the double
layer, diffusion layer, and bulk propellant effects and includes values for the circuit elements.
The redox potentials were determined for the experiments using stainless steel and
platinum working electrodes.

The redox potentials provide a qualitative assessment of the

voltages correlating to possible electrochemical reactions of interest. Specific electrochemical
reactions relevant to the ESP theory were not identified as part of this research. However, the
redox potentials produced by the qualitative assessment provide data useful for enhancing the
theoretical understanding of the underlying ESP electrochemical properties.
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6.1

Introduction
Electric solid propellants have demonstrated an electrical response where the application

and removal of electrical power produces propellant burning and extinguishment, respectively.
Research has been conducted toward improving the understanding of the various factors and the
influence of a given response of interest. For example, the electrical voltage applied across a
given electrode design may produce a certain burning behavior while the same voltage and a
different electrode design generates another burning behavior. The literature review suggests
most if not all studies have been directed at relatively large-scale factor and response evaluations.
These research efforts have their utility, especially from an engineering perspective, and seek to
answer practical, performance questions. Answers produced by these studies include as examples
the relationship to power requirement and subsequently electrical power sizing, burning rate and
therefore thrust generated, and pressure threshold and effects thereby identifying energy
management capabilities and multiple impulse bits through ignition and extinguishment cycles.
While these studies also generate some more fundamental experiment data pertinent to the
underlying science explaining the observed electrical response, the experimentation has
limitations by design and setup restricting the investigation toward majoring in large-scale
practical studies and minoring in fundamental physics, chemistry, and electrochemistry research.
These inherent limitations were recognized in the experimentation conducted by other
researchers as referenced in the literature review chapter, personal previous experience and prior
experimentation, and the current electrical response research presented in this dissertation.
Increasingly fundamental laboratory experimentation was needed to help understand the
underlying science explaining the observed ESP electrical response phenomena. Furthermore,
the theoretical treatment could be enhanced through the availability of experiment data relevant to
the electrochemical mechanisms driving the ESP response.
Electroanalysis is a methodology for investigating the electrochemical properties of a
given system through the application and measurement of an electrical voltage and current.
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Numerous electroanalytical methods exist and each method is designed to evaluate a given
electrochemical property and or response. Selection of a particular method depends on the
desired experiment data and results thereby generating a specific determination, insight, or
conclusion of interest. Furthermore, multiple electroanalytical methods can be applied to the
same system for investigating an array of responses and therefore produce a more complete
understanding.

Electroanalysis will provide experiment data for determining fundamental

characteristics with examples such as the diffusion coefficient, redox potentials, impedance
whether combined or as components, and equivalent circuits. The resulting characteristics can
then be applied for determining parameters with examples such as ion mobility, possible
electrochemical pathways, and electric field effects. Finally, the experiment data, fundamental
and applied characteristics, insights, and conclusions can be used for enhancing the
electrochemical theory seeking to explain the underlying science for the observed ESP electrical
response.
6.2

Purpose
The purpose of the electroanalysis experiments is to evaluate the electrochemical

properties of electric solid propellants using standardized, well-established techniques commonly
used and accepted by researchers in the electroanalytic field and as recognized through peerreviewed publications.

The experiments consist of fundamental laboratory experimentation

generating qualitative and quantitative data and assessments.

The baseline, non-metallized

HIPEP formulation was used and is consistent with the research presented throughout this
dissertation.

The experiment design was constructed for the identification of electrolytic

characteristics of electric solid propellant.
The significance of the electroanalysis experiments is investigation of the purely
electrochemical properties with chemical reactions expected to be limited to those associated with
the electrochemical reactions. Furthermore, the electroanalytical techniques will evaluate various
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electrochemical and physical processes occurring within the propellant. The resulting parameters
can be used to enhance the understanding of the physical phenomena and properties of ESP,
particularly during propellant burning as observed at atmospheric and elevated conditions.
Additionally, the experiment data can be used to enhance the existing theories or create new
theories explaining the observed ESP electrical response. Finally, the experiment data, results,
and conclusions provide a significant contribution to the field through reporting of key ESP
electrochemical properties previously unavailable in the public domain literature.
6.3

Objectives
The objectives of the electroanalysis experiments include estimating the redox potentials,

diffusion coefficient, conductivity, impedance, and an equivalent circuit. These objectives will be
accomplished using fundamental electroanalysis techniques readily available and as described in
greater detail in the scope section. Furthermore, the experimentation will provide qualitative
effects of the electrochemical reactions, as applicable. These effects may include as possible
examples electrode material effects, corrosion indicators and effects, and steady state limitations
evidenced through gas generation.

Additionally, the experiment data and results may be

compared with the proposed ESP electrolytic theory previously discussed.

However, this

comparison will only be made where applicable and as time permits.
6.4

Scope
The scope for the electroanalysis experiments consists of the ESP formulation, sample

mass and configuration, electrode material and configuration, test vial setup, electrical power type
used, experiment environment and testing conditions, and experiment design. All experiments
used the ESP HIPEP 501a formulation as supplied by Digital Solid State Propulsion (DSSP). A
unique bulk sample was used for each test unless otherwise stated. Each propellant sample was
cut from a larger, existing sample in the configuration provided by the vendor.

Pedigree

information for the parent and child samples is maintained for the propellant inventory. This
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information consists of a unique serial number, formulation, batch, manufacture date, ship date,
storage history, parent sample data, child sample data, and additional information as applicable.
Each unique bulk cut sample used per test had not been previously tested in any capacity.
Each sample has a mass of approximately 0.2 g. The samples have physical dimensions of
approximately 0.19 inch in width, 0.19 inch in height, and 0.25 inch in length. Tight tolerances
were not required for the physical dimensions, mass, and propellant consistency. Some variation
was present within the cut samples depending on their location within the parent sample.
Furthermore, an acceptable degree of variation was introduced by the cutting procedures due to
propellant cutting being done by hand with rough cutting guides.
The electrode materials used for the experiments were stainless steel 302/304 alloy and
platinum having 99.9% purity.
requirement.

Both materials satisfy the vendor chemical compatibility

Furthermore, the stainless steel wire material used as the electrodes in the

electroanalysis experiments are the same used in the electrical response experiments and prior
experimentation. This maintains consistency and provides a level of comparison across all of the
experiment projects. While stainless steel is not an ideal electrical conductor, this electrode
material provides consistency with UAH experimentation and vendor testing and manufactured
configurations and results.
Platinum is a noble metal in that the material does not corrode or oxidize in most
environments. For comparison, iron is not a noble metal because the material corrodes or
oxidizes in moist environments. Furthermore, platinum is used in electroanalytical methods for
the ability to transfer electrons will low resistance and at a high rate. Therefore, noble metals like
platinum are used in electroanalytical technique because the metal will not interfere with the
electrochemical processes of interest. However, this is a generalization and the actual selection of
an electrode material is a non-trivial task affecting the experiment data, results, and interpretation.
For this research, platinum was an appropriate initial electrode material expected to sufficiently
satisfy the requirements without excessively interfering with the experiment.
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Additionally, the stainless steel and platinum electrode material selections were made for
investigation of the effects the conventional stainless steel electrodes had on the ESP
electroanalysis results. Stainless steel electrodes provided the actual configuration investigating
the electrochemical reactions plus any non-ideal, extraneous reactions thereby representing prior
test and manufactured configurations. Platinum electrodes provided a more ideal configuration
investigated assumed purely electrochemical reactions without any additional processes
introduced by a non-noble electrode material, e.g. stainless steel.
The testing environment was contained within a small test vial and required to have an
appropriate level of environment control or isolation. The vial was required to include an
appropriate amount of desiccant for minimizing humidity. The test vial threads and electrode
pass through ports were also required to be lightly sealed using Parafilm M for an additional level
of atmospheric isolation. The test conditions within the vial were required to be maintained at
atmospheric pressure and temperature throughout the experiment.
A commercial-off-the-shelf potentiostat or equivalent equipment was necessary for
successful operation of each experiment. Each electroanalytical technique supplies continuous
electrical power to the ESP sample. The measured electrical voltage and current must also be
recorded continuously. The controlling equipment will deliver low level electrical voltage and
current to the propellant sample for all experiments. Low levels of voltage and current are
sufficient for the electroanalytical techniques identified in the experiment design.
Testing at atmospheric conditions allows the propellant to stop reacting when the low
level electrical power is applied. Therefore, the study is restricted to a controlled operating
regime limited to the electrochemical reactions with minimal thermochemical components.
Propellant burning was not expected based on previous experience and prior experimentation.
Any thermochemical reactions and propellant mass loss beyond that related to the
electrochemical reactions are expected to be minimal if present at all.

Ultimately, the

experiments are designed to operate effectively without thermochemical components.
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This

capability is attributed to the low electrical voltage and current applied to the ESP sample during
each experiment.
Finally, the experiment design consists of a pilot design investigating general factors and
responses.

Factors and responses were defined from previous experience and prior

experimentation. However, sufficient uncertainty existed in the selection of these factors and
responses that additional experiment data was necessary before a full Design of Experiment
(DOE) methodology could be applied with confidence. The pilot design was expected to provide
sufficient, appropriate experiment data to satisfy the objectives and to generate datasets suitable
for constructing a full DOE based experiment project at a later date.
6.5

Experiment Design
The experiment design for the electroanalysis experimentation consists of a pilot design

investigating the general factors and responses. The experiment results identify the overall
trends, relative importance, and relationships. This section defines the specific electroanalytical
techniques used, test conditions and configurations, and measured responses.
A three electrode configuration is used for the all experiments and consists of the
working, counter, and reference electrodes. The electrical signal is applied to the propellant
sample between the working and counter electrodes. The potential is measured between the
working and reference electrodes. The current is measured between the working and counter
electrodes. The counter electrode has the twice the surface area of the working electrode thereby
ensuring the counter electrode is not the limiting scenario. The working electrode therefore has
the smaller surface area and thus becomes the limiting scenario. The electrochemical reactions
occurring at the working electrode become the limiting mechanism for the measured voltage and
current.
All electrodes are inserted through the entire propellant length of approximately
0.125 inch.

Furthermore, the electrodes should be visibly through and sticking out of the
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propellant bottom surface. When inserting the electrodes and prior to beginning an experiment, a
visual confirmation must be made that the three electrodes do not touch each other whether
inside, underneath, or above the propellant. Additionally, the three electrodes must not contact
each other or any electrically conductive surface inside the test vial, outside the vial, on the
workbench, or any other location. An electrical short involving the electrodes will cause the
experiment to terminate early.
The working electrode consists of one 0.010 diameter wire using either stainless steel or
platinum depending on the specific test condition. This electrode is placed on one side of the
sample width dimension, although the exact placement is not required. The working electrode
can be identified in the experiment sample pictures as the red wire.
The counter electrode for all experiments is comprised of two platinum wires each having
a diameter of 0.010 inch. This is accomplished by folding one wire in half and inserting the ends
into the propellant. Both electrodes are placed opposite the working electrode on one side of the
width dimension of the sample. The exact placement is not required to be consistent. The
counter electrode wires can be identified in the experiment sample pictures as the bare wires.
The reference electrode for all experiments is one platinum wire having a diameter of
0.010 inch. The reference electrode is inserted into the middle of the sample equal distance from
the working and counter electrodes as best as possible.

However, this placement is not a

requirement but serves as a guideline for the best possible consistency. The reference electrode
can be identified in the experiment sample pictures as the black wire.
Four electroanalytical techniques were selected for investigating the ESP electrochemical
properties. The four techniques are chronopotentiometry (CP), chronoamperometry (CA), cyclic
voltammetry (CV), and potentio electrochemical impedance spectroscopy (PEIS).

Each

technique is briefly discussed as follows.
All techniques use a pretest and posttest open circuit voltage (OCV) period. This period
allows a settling period for the propellant sample to achieve equilibrium with the testing
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environment.

An OCV corresponds to an open circuit between the working and counter

electrodes. No electrical path exists between these two electrodes. However, the voltage was
read between the working and reference electrodes during this rest period. The length of this
resting period depends on the settings used for each test and the individual propellant sample test
configuration. However, this period is typically on the order of a few minutes but limited to
15 minutes for practical concerns.

The pretest and posttest OCV data is recorded for all

experiments.
Chronopotentiometry measures the voltage response with time of the propellant sample
as a constant current is applied. The interpretation of the results can provide numerous qualitative
and quantitative data.

For this research, the voltage measurements with time can indicate

electrode referenced potentials of the occurring electrochemical reactions and changing potentials
directly related to the changing electroactive species concentrations. The results provide insight
into the redox potentials and chemical composition of the propellant. The results can also provide
guidance for defining the voltage limits for the cyclic voltammetry experiments.
The chronopotentiometry experiments begin at the open circuit voltage allowing for
settling of the system and equilibration of the propellant. This is followed by the application of a
positive current step, which for these experiments is set to 1.00 mA. The positive current
represents the cathodic current at the negative electrode causing the electroactive species to gain
electrons and be reduced. Once this step is complete the current is set to open circuit voltage and
the propellant enters a rest period. This period is followed by the application of a negative
current step, which is -1.00 mA for these tests. The negative or anodic current results from the
electroactive species losing electrons during oxidation at the positive electrode. Each of the four
set points has a time duration of 30 seconds. The execution of all four steps in series is
considered one cycle lasting 120 seconds. This cycle is conducted a total of 4-6 times before the
experiment is concluded.
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Chronoamperometry measures the current response with time of the propellant sample as
a constant voltage is applied. The results provide numerous qualitative and quantitative data.
However, the current decay with time following a voltage step is the primary interest for this
research. This is a common method for determining the diffusion coefficient by applying the
Cottrell equation to the current decay profile.
The chronoamperometry experiments begin by applying a positive voltage step, which
for these experiments is +2.5 V. This is followed by an open circuit voltage rest period. Once
this period is complete a negative voltage step is applied, which for these experiments is -2.5 V.
Following this step, an open circuit voltage is again applied. Each voltage set point has a time
duration of 30 seconds. The sequential execution of these four steps constitutes a cycle. This
cycle is completed 4-6 times before the experiment is successfully terminated.
Cyclic voltammetry measures the current response as the applied voltage is varied.
While numerous qualitative and quantitative data is collected, the primary purpose of these tests
for this research is the measurement of electrode referenced voltages where electrochemical
reactions occur. Peaks in the measured current identify voltages of interest. These voltages
correspond to redox potentials of the electrochemical reactions occurring at the propellant
electrode interface. However, proper identification and interpretation of the current peak and the
corresponding voltage values is not a trivial task. Therefore, the goal for this research is the
identification of possible voltages of interest, recognition of patterns, and an interpretation as best
as possible, albeit limited to a qualitative assessment.
The cyclic voltammetry experiments require a specified voltage sweep rate, positive
voltage vertex, and a negative voltage vertex. A sweep rate is defined in millivolts per second
and varies according to the experiment design. Selection of the sweep rate is important because
faster and slower rates will provide different data and information. The cyclic voltammogram
may also have drastically different features depending on the sweep rate. However, fast and slow
sweep rate both have their use and complement each other through the experiment data and
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resulting conclusions. The voltage vertices are defined in volts and also vary according to the
experiment design.

Initial voltage vertex values are generated by the chronopotentiometry

experiments or can be defined by previous experience or expected voltages. Values for the
voltage vertices can be updated as the cyclic voltammetry experiments progress.
The cyclic voltammetry experiments begin at the open circuit voltage. The voltage is
then varied at the specified sweep rate from the initial open circuit voltage value toward the
positive voltage vertex. Upon reaching the positive voltage vertex, the voltage is then varied
toward the negative voltage vertex at the specified voltage sweep rate. Once the negative vertex
voltage has been achieved, the voltage is then varied back toward the original starting open circuit
voltage using the sweep rate. This represents one complete cycle or sweep of the voltages of
interest. This cycle is completed 4-6 times during one experiment.
Potentio electrochemical impedance spectroscopy measures the current response of the
propellant sample as a function of applied voltage with both current and voltage being a function
of frequency. In other words, the propellant sample is supplied a voltage at specified frequency
steps and the resulting current response is recorded along with the phase angle of the signal.
Interpretation of PEIS results may be the most daunting and complicated of the four techniques
used. While a considerable amount of qualitative and quantitative data can be generated through
the analysis and interpretation, the primary focus for this research is the determination of the
impedance and an appropriate equivalent electrical circuit. The equivalent electrical circuit is
meant to serve as a model correlating to the ESP electrochemical phenomena. This information
provides a level of insight into the physical processes occurring within the propellant.
The PEIS experiments require a frequency range over which to scan the voltage and
measure the current. This frequency range varies within the experiment design and are defined
based on the response features are expected. Furthermore, the steps per decade of the frequency
must be specified thereby defining the steps and set points used for testing within the frequency
range. The steps per decade also vary within the experiment design and are defined based on how
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much frequency resolution is desired. These tests can be repeated multiple times if desired but
are only completed one time.
Furthermore, the PEIS experiments are conducted following the completion of another
test such as CV or CA. The utility of the PEIS experiments was not known and the additional
time required to reset the test setup prevent the use of a unique sample was not available.
Therefore, the test matrix shows multiple PEIS experiments conducted using the same propellant
sample. The only exceptions are the two first attempts at PEIS experiments. The experiments did
not appear to start with a discernable reason for their non-start unavailable.

These PEIS

experiments were cancelled and the samples used immediately for CV experiments. Analysis of
the PEIS data files showed the experiments completed but faster than expected giving the
perception of a non-start experiment.
The experiment design includes a minimum of 2 replicates for each set point or
electroanalytical technique.

This provides a method for determining variability within the

experiment setup, technique, and data.

A similar approach and rationale was used for the

electrical response experimentation described in a previous chapter.
The four electroanalytical techniques generate 6 major responses measured by the
laboratory equipment. The 5 responses measured by the electroanalysis equipment are the
voltage, current, charge, impedance or inverse of admittance, and phase.

The 1 response

measured by the laboratory precision balance is the propellant sample mass loss determined by
differencing the pretest and posttest sample mass.
The cut propellant samples were randomized to eliminate errors attributed to the stick
position of the parent sample.

This is the same method and rationale for the sample

randomization done for the electrical response experimentation discussed in a previous chapter.
However, the sample randomization effect is limited for the PEIS experiments due to the reuse of
the same sample for multiple experiments.
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A total of 16 cut samples were used in the experiment design consisting of 36 total tests.
A unique sample was used for each CP, CA, and CV experiment with the CV exception noted
above in the PEIS discussion. The PEIS experiments were ran either pretest or posttest of the CP,
CA, or CV experiments also as discussed above for the PEIS experiments. The test matrix shows
the actual run order of the experiments and the propellant sample usage.
The electroanalysis experimentation test matrix based on a pilot experiment design is
given in Table 6.1. The test matrix includes run order, electroanalytical technique, reference
electrode material, counter electrode material, working electrode material, frequency range,
points per frequency decade, voltage step, sweep rate, voltage vertices, current step, number of
repeat cycles, and the sample serial number. Note the test matrix is for all 36 experiments for all
electroanalytical techniques. Therefore, some of the parameter settings are not applicable as
noted in the test matrix.
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Frequency
Range
(kHz)
N/A

N/A

N/A

N/A

N/A

1.00

3

N/A

N/A

N/A

N/A

N/A

1.00

3

N/A

N/A

2.5

N/A

N/A

N/A

3

Platinum
Stainless
Steel
Stainless
Steel

N/A

N/A

N/A

N/A

N/A

1.00

5

N/A

N/A

2.5

N/A

N/A

5

N/A

N/A

N/A

50

N/A

5

Platinum
Stainless
Steel

N/A

N/A

N/A

50

N/A
(+2.5, 2.5)
(+2.5, 2.5)

N/A

5

0.1-100

6

N/A

N/A

N/A

N/A

0

0.1-100

6

N/A

N/A

0

N/A

N/A

N/A

5

N/A

5

Platinum

Platinum

N/A

N/A

N/A

5

N/A
(+2.0, 2.0)
(+2.0, 2.0)

N/A

Platinum

Platinum
Stainless
Steel

N/A

5

Run
Order

Test
Type

Reference
Electrode
Material

Counter
Electrode
Material

1

CP

Platinum

Platinum

2

CP

Platinum

Platinum

3

CA

Platinum

Platinum

4

CP

Platinum

Platinum

5

CA

Platinum

Platinum

6

CV

Platinum

Platinum

7

CV

Platinum

Platinum

8

PEIS

Platinum

Platinum

9

PEIS

Platinum

Platinum

10

CV

Platinum

11

CV

Platinum

Voltage
Step
(± V)

Sweep
Rate
(mV/s)

Voltage
Vertices
(V)

Current
Step
(± mA)

Number
of
Repeat
Cycles
(~)

ESP Sample
UAH04B03Sample M
UAH04B03Sample I
UAH04B03Sample O
UAH05C02Sample G
UAH05C02Sample J
UAH05C02Sample C
UAH05C02Sample A
UAH05C02Sample K
UAH05C02Sample N
UAH05C02Sample K
UAH05C02Sample N

Table 6.1
Electroanalysis Experimentation Test Matrix Based
on a Pilot Experiment Design.
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Working
Electrode
Material
Stainless
Steel
Stainless
Steel
Stainless
Steel

Points
per
Decade
(Freq.)
(~)

Voltage
Step
(± V)

Sweep
Rate
(mV/s)

Voltage
Vertices
(V)

Current
Step
(± mA)

Number
of
Repeat
Cycles
(~)

Reference
Electrode
Material

Counter
Electrode
Material

Working
Electrode
Material

Frequency
Range
(kHz)

12

CP

Platinum

Platinum

Platinum

N/A

N/A

N/A

N/A

N/A

1.00

5

13

PEIS

Platinum

Platinum

Platinum

0.1-100

6

N/A

N/A

N/A

N/A

0

14

PEIS

Platinum

Platinum

Platinum

0.1-100

12

N/A

N/A

N/A

N/A

0

15

CA

Platinum

Platinum

Platinum

N/A

N/A

2.5

N/A

N/A

N/A

5

16

PEIS

Platinum

Platinum

Platinum

0.1-100

6

N/A

N/A

N/A

N/A

0

17

PEIS

Platinum

Platinum

Platinum

0.1-1000

6

N/A

N/A

N/A

N/A

0

18

PEIS

Platinum

Platinum

0.1-100

12

N/A

N/A

0

CV

Platinum

Platinum

N/A

N/A

N/A

50

N/A
(+1.5, 1.7)

N/A

19

N/A

5

20

PEIS

Platinum

Platinum

0.1-100

6

N/A

N/A

N/A

N/A

0

21

PEIS

Platinum

Platinum

0.1-1000

6

N/A

N/A

N/A

N/A

0

22

PEIS

Platinum

Platinum

Platinum
Stainless
Steel
Stainless
Steel
Stainless
Steel
Stainless
Steel

0.1-100

12

N/A

N/A

N/A

0

23

CV

Platinum

Platinum

Platinum

N/A

N/A

N/A

50

N/A
(+1.5, 1.7)

N/A

5

24

PEIS

Platinum

Platinum

Platinum

0.1-100

6

N/A

N/A

N/A

N/A

0

25

PEIS

Platinum

Platinum

Platinum

0.1-100

12

N/A

N/A

N/A

N/A

0

ESP Sample
UAH05C02Sample E
UAH05C02Sample E
UAH05C02Sample E
UAH05C02Sample M
UAH05C02Sample M
UAH05C02Sample M
UAH05C02Sample M
UAH05C02Sample I
UAH05C02Sample I
UAH05C02Sample I
UAH05C02Sample I
UAH05C02Sample L
UAH05C02Sample L
UAH05C02Sample L

(continued)

Test
Type

Table 6.1
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Run
Order

Points
per
Decade
(Freq.)
(~)

Voltage
Step
(± V)

Sweep
Rate
(mV/s)

Voltage
Vertices
(V)

Current
Step
(± mA)

Number
of
Repeat
Cycles
(~)

Reference
Electrode
Material

Counter
Electrode
Material

Working
Electrode
Material

Frequency
Range
(kHz)

26

CA

Platinum

Platinum

Platinum

N/A

N/A

2.5

N/A

N/A

N/A

5

27

PEIS

Platinum

Platinum

Platinum

0.1-100

6

N/A

N/A

N/A

N/A

0

28

PEIS

Platinum

Platinum

0.1-100

12

N/A

N/A

0

CV

Platinum

Platinum

N/A

N/A

N/A

5

N/A
(+1.5, 1.7)

N/A

29

N/A

5

30

PEIS

Platinum

Platinum

0.1-100

6

N/A

N/A

N/A

N/A

0

31

PEIS

Platinum

Platinum

0.1-100

12

N/A

N/A

N/A

N/A

0

32

PEIS

Platinum

Platinum

Platinum
Stainless
Steel
Stainless
Steel
Stainless
Steel
Stainless
Steel

0.1-1000

6

N/A

N/A

N/A

0

33

CV

Platinum

Platinum

Platinum

N/A

N/A

N/A

5

N/A
(+1.5, 1.7)

N/A

5

34

PEIS

Platinum

Platinum

Platinum

0.1-100

6

N/A

N/A

N/A

N/A

0

35

PEIS

Platinum

Platinum

Platinum

0.1-100

12

N/A

N/A

N/A

N/A

0

36

PEIS

Platinum

Platinum

Platinum

0.1-1000

6

N/A

N/A

N/A

N/A

0

ESP Sample
UAH05C03Sample H
UAH05C03Sample H
UAH05C03Sample H
UAH05C02Sample O
UAH05C02Sample O
UAH05C02Sample O
UAH05C02Sample O
UAH05C02Sample D
UAH05C02Sample D
UAH05C02Sample D
UAH05C02Sample D

(continued)

Test
Type

Table 6.1
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Run
Order

Points
per
Decade
(Freq.)
(~)

The electroanalysis test conditions and results differ from past HAN electrolysis studies
identified in the literature review. Firstly, the electroanalysis experiments are not designed to
investigate the electrochemical or thermochemical decomposition of HAN. Additionally, the
ESP samples contain effectively no water according to the formulation specifications. The past
HAN electrolysis studies investigated the electrochemical and thermochemical decomposition of
HAN/water solutions with a detailed discussion available in the literature review.
Secondly, the electroanalysis test conditions used current, voltage, and power settings
appropriate for evaluation of the electrochemical reactions on the order of the required redox
potentials. Voltages settings were within a ±2.5 V range and the electrical current settings were
±1.0 mA. The measured currents were limited to an approximate ±5 mA range with many
measurements lower than this maximum. The measured voltages were contained with the ±2.5 V
range and most measurements are less than the maximum. Therefore, the resulting electrical
power used in the electroanalaysis experimentation was on the order of 12.5 mW maximum with
many power settings being lower. Summarizing, the past HAN electrolysis studies used voltage
settings on the order of several tens of voltages for driving the electrolytic initiation reactions
necessary for the HAN decomposition reactions. The resulting electrical power requirements
were on the order of hundreds of Watts for generating the desired HAN decomposition reactions
of interest in those studies, which are available in the literature review.
Finally, the electroanalysis experiment data and results investigated the fundamental
electrochemical and physical properties of ESP without generating propellant combustion and
using a formulation that by design did not contain water. The goal was to evaluate these
properties and determine parameters such as diffusion coefficients, conductivity, redox potentials,
impedance and phase, an equivalent electrical circuit, identification of phenomena such as double
layer, charge transfer resistance, restricted diffusion, and bulk propellant resistance, and create an
initial fundamental experimentation dataset for additional and future research such as ion mobility
and drift velocity affected by the electrode geometry and electric field.
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The past HAN

electrolysis studies investigated ignition delay times as a function of water percentage, minimum
HAN concentrations, minimum voltage and power requirements, water electrolysis product
contributions to the HAN/water decomposition mechanisms, and the overall electrochemical and
thermochemical decomposition of HAN/water solutions toward an improved understanding of the
underlying mechanisms. A detailed discussion of the past HAN electrolysis studies is available
in the literature review.
The significant contribution of the electroanalysis experimentation is the fundamental
evaluation of the electrochemical and physical properties of ESP. The propellant does not
contain water by design and therefore the results are relevant to the HAN ionic species relative to
the PVA structure as appropriate.

Electrical power is supplied sufficient for studying the

electrochemistry at atmospheric conditions without driving propellant combustion whether
through electrolytic or thermochemical mechanisms. The experiment data and results allow for
the determination of parameters relevant for an improved understanding of the interactions
between the HAN and PVA within the propellant. This data can be used for enhancing the
theoretical, experimental, and operational capabilities of ESP studies and applications through the
relationship between the physical properties and the expected electrical response. The ESP
electrochemical and physical properties provide the physical basis necessary for improving the
existing explanation of the observed electrical response.

Finally, the electroanalysis

experimentation supplies an initial fundamental dataset for the current determination of
parameters and for the determination of additional parameters and future ESP research.
The blue text identifies the experiments that used stainless steel as the working electrode.
The black text shows the experiments that used platinum as the working electrode. The CP
experiments are indicated by green shaded rows. The CA experiments are identified by the blue
shaded rows. The CV experiments are shown using the blue shaded rows. The PEIS experiments
have unshaded or white rows.
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Note for the PEIS experiments the frequency range and points per decade have two
different settings for each parameter. Different PEIS settings were used to investigate extended
ranges or to increase the frequency resolution. The CV experiments use two different settings for
the voltage sweep rate and voltage vertices. Different CV settings were used to obtain a different,
more detailed response or as a refinement to the test conditions through previous experiment
results.
The ESP sample column provides information describing the parent serial number as the
prefix to the cut sample identifier. An example is the UAH04B03-Sample M cut sample used in
the first run order experiment. The parent sample has the serial number UAH04B03, which is as
received from the vendor. This parent serial number is traceable in the propellant inventory. The
child sample identifier is Sample E and represents a specific cut location and sequence defined by
the cutting procedure. The child sample identifier allows the parent stick location to be tracked
for all cut samples. Pedigree information is passed along from parent to child sample with
additional information added to the cut sample as necessary. A complete sample history is
maintained in the propellant inventory for the parent and child samples.
6.6

Experiment Setup
The electroanalysis experiment setup consists of the test vials, potentiostat, and laptop

computer.

The complete experiment setup is contained in The University of Alabama in

Huntsville (UAH) Propulsion Research Center (PRC) High Pressure Laboratory (HPL). The
experiment setup was located on the laboratory workbench.
The ESP electroanalysis general experiment setup configured for multichannel,
simultaneous testing is displayed in Figure 6.1. The laboratory precision balance used for the
pretest and posttest mass measurements can be seen on the laboratory workbench. The laptop
computer used for control and data storage is connected via USB cable to the BioLogic VSP
potentiostat. Four cables connect the potentiostat to the test vials using alligator clips, although
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additional cable lead connection types are possible. The test vials are positioned on the working
surface next to the potentiostat. Positioning of the test vials and potentiostat cables must be made
carefully ensuring the vials do not tip.

Figure 6.1 Electric Solid Propellant Electroanalysis General Experiment Setup Configured for
Multichannel, Simultaneous Testing.

The BioLogic VSP is a multichannel potentiostat/galvanostat designed for research grade
electrochemical analysis. The unit is a commercial-off-the-shelf potentiostat that is modular and
highly portable.

The BioLogic VSP supports simultaneous experiments and connects to a

computer via USB or Ethernet cable. The potentiostat includes the EC-Lab software used for
control, monitoring, recording, and analyzing the experiment data. The software contains 80
techniques capable of being sequenced as desired for each individual channel. The built-in data
analysis tools cover a wide range of applications including general electrochemistry, waveform
analysis, and equivalent circuit modeling. Complete technical specifications and data analysis
capabilities are available in the manufacturer supporting literature.
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The ESP electroanalysis general experiment setup focusing on the test vial configurations
is displayed in Figure 6.2. This general setup is applicable for individual or multichannel,
simultaneous testing. This figure shows the potentiostat cable lead connected to the electrode
leads. Note the counter electrode (CE) potentiostat cable lead is blue and the counter electrodes
are bare wires. The reference electrode (RE) cable leads are white and the reference electrode is a
black and clear insulated wire. The working electrode (WE) potentiostat cable leads are red and
the working electrode is a red and clear insulated wire.

Figure 6.2 Electric Solid Propellant Electroanalysis General Experiment Setup Focusing on the
Test Vial Configurations Used for Individual or Multichannel, Simultaneous Testing.

The electrode wires are inserted into the propellant sample contained within the test vial
marked with a test identification label. The anhydrous calcium sulfate desiccant is located in the
bottom of the test vial and is chemically compatible desiccant as listed by the ESP vendor.
Drierite is the common or brand name for the anhydrous calcium sulfate desiccant.
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The

Parafilm M is visible under the test vial providing an additional thread sealant and lightly sealing
the electrode wires at the test vial cap pass through ports. The test vials are either contained in a
250 mL glass beaker for support or placed directly on the work surface.
The potentiostat cable and electrode leads must be positioned to prevent electrical
connections with each other or any other electrically conductive surface. Kimwipes can be used
as necessary as an electrical insulator against the work surface. Furthermore, the cables can twist
and are not stationary and therefore can be difficult to position in such a way that the cables do
not pull the test vials out of a vertical position, twist the electrodes thereby making electrical
contact, or pull the electrodes out of the propellant sample. Some aspects of the setup are
vulnerable and would need to be upgraded in future research involving this experiment setup.
However, most of the major difficulties encountered with the previous, first iteration of the
experiment setup have been successfully mitigated through experience gained through prior
experimentation.
6.7

Experiment Results and Discussion
The electroanalysis experiment results and discussion are presented in this section. The

results consist of the diffusion coefficients, conductivity, impedance, equivalent electrical circuit,
and the redox potentials. The results and discussion are comprised of qualitative and quantitative
data relevant to the practical, physical, and theoretical properties.
6.7.1

Diffusion Coefficients
The diffusion coefficients are proportionality constants relating the concentration

gradient to the flux of species with time and the change in concentration of these species with
time through Fick’s first and second laws of diffusion, respectively. The flux of a species with
time [69] is defined as

J   D
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(6.1)

where J is the molar flux with time, D is the species diffusion coefficient, and  is the species
concentration.

Note the equation has been described in terms of a multi-dimensional

concentration gradient and molar flux vector reflecting the experiment conditions. For a one
dimensional case, the concentration would have a derivative taken along the dimension of
interest. Fick’s first law of diffusion describes the quantity of a species passing through a unit of
cross-sectional area per unit of time dependent on the concentration gradient related through the
diffusion coefficient. Therefore, the diffusion coefficient describes the diffusive behavior of
species contained within a system of interest. A larger diffusion coefficient means a greater
quantity of species will be transported per area per time. For the ESP experimentation this
translates into the molar flux per time of hydroxylammonium and nitrate ions from the bulk
propellant to the electrode surface due to the concentration gradient. This resulting species
transport is measured during the experiment as the electrical current and can be related to the
responses previously discussed such as burning rate and electrical power.
The change in the species concentration with time [69] is defined by Fick’s second law of
diffusion as


 D
t

(6.2)

where  is the species concentration, t is time, and D is the species diffusion coefficient. Note
the Laplacian    2 was used to frame the equation in the multi-dimensional form applicable to
the experiment conditions. For a one-dimensional case the concentration would have a second
derivative applied along the dimension of interest. Therefore, the change in the concentration
gradient with volume relates to the change in the concentration with time through the diffusion
coefficient. For the ESP experimentation, Fick’s second law of diffusion describes how the
hydroxylammonium and nitrate ion concentrations vary with time as their concentration gradients
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vary within the propellant volume. Physically, electrochemical reactions at the electrodes deplete
the ionic species setting up a concentration gradient between the bulk propellant and electrode
surface. The concentration within the bulk propellant will decrease with time as the ionic species
within the propellant volume diffuse down the concentration gradient and ultimately are depleted
electrochemically at the electrode surface.

This diffusive behavior is measured during the

experiment as the electrical current where the current profile varies with time.
The diffusion coefficients were calculated from the chronoamperometry experiments for
the stainless steel and platinum working electrodes. In the experiments an electrical voltage step
is applied across the working and counter electrodes inserted into the propellant sample. The
initial voltage is at a level where no electrochemical reactions occur. The final voltage is
sufficiently high thereby producing the electrochemical reactions. The voltage step results in a
current being measured as a result of the electrochemical oxidation and reduction of the nitrate
and hydroxylammonium ions, respectively. The species concentrations directly relate to the
measured current. The hydroxylammonium and nitrate diffusion coefficients can be calculated
from the same experiment because the positive and negative voltage steps are used resulting in
positive and negative current responses. The positive cathodic and negative anodic current
responses can be used for determining the hydroxylammonium and nitrate diffusion coefficients,
respectively.
Before the voltage step is applied the ion concentrations at the electrode surface equal the
bulk propellant concentrations.

When the voltage is applied to the propellant the current

increases to a maximum value dependent upon the electrochemical reactions involved and the
concentration of the electroactive species. However, for a diffusion limited process the current
will decay with time as the voltage step is maintained constant. The ions are depleted through the
electrochemical reactions at the electrode at a rate faster than they can be supplied to the electrode
from the bulk propellant. A concentration gradient is quickly established with an ever increasing
slope as the electrode surface concentration decreases. The electrode surface concentration and
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concentration gradient approach the limiting value.

This behavior can be observed in the

chronoamperometry experiment current response with time or current decay profile.
The current decay can be described by the Cottrell equation

i

nFAC D

(6.3)

t

where i is the measured current, n is the number of electrons transferred by the ion in the
electrochemical reaction, F is the Faraday constant, A is the propellant electrode surface area,

C is the initial concentration of the ion or electroactive species of interest, D is the diffusion
coefficient, and t is time. A detailed discussion of the Cottrell equation is available in [70]. The
Cottrell equation applies only to planar electrodes and is therefore not directly applicable for the
cylindrical electrode experiments conducted in this research.
However, the appropriate equation can be derived for cylindrical equations by applying
the appropriate boundary conditions and Fick’s second law of diffusion. This is the same
approach for deriving the Cottrell equation and can be applied to additional geometries such as
spherical. The derivation of the cylindrical equation is out of the scope for this research. Instead,
the derived form for the cylindrical equation provided in [71] will be used to calculate the
diffusion coefficients for this research. The diffusion coefficient equation describing the current
response with time for cylindrical electrodes is

12

1 1
1 1  
1
i  nFADC 


  


12
r   
2 4  
8


where  

Dt
r2

(6.4)

where the terms are identical to the Cottrell equation plus the addition of r being the radius of
the cylindrical electrode.

The electrode surface area and radius are the key terms for the
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cylindrical electrodes used in the experimentation.

The cylindrical equation incorporates a

correction factor to the Cottrell equation adjusting for the geometry change from planar to
cylindrical electrodes.

Neglecting all terms between the brackets except the first one and

simplifying the remaining equation returns the Cottrell equation for parallel, planar electrodes.
As a side note, the spherical equation is also available in [71] and uses a correction factor for
spherical geometry.
Solving the cylindrical equation for the diffusion coefficient is not a trivial task. The
MATLAB solve built-in function was used to numerically solve the equation. The cylindrical
equation previously discussed was written in a polynomial form for the diffusion coefficient.
This form was supplied to the MATLAB solve function for determining the real component of a
root finding algorithm. The function outputs were determined at each time step within one cycle
and the mean of the outputs over the entire cycle was used as the diffusion coefficient value for
that particular cycle. This process was repeated for all cycles present in the experiment data.
The experiment results for the calculated mean diffusion coefficient for the
hydroxylammonium ion are presented in Figure 6.3. The data is presented as a function of the
chronoamperometry experiment cycle number and stainless steel and platinum electrode
materials. The stainless steel experiments are indicated by the blue triangles and circles. The
platinum experiments are shown using red diamonds and squares. Additionally, the sample serial
numbers are provided for each experiment for traceability.
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Mean Diffusion Coefficients for H3NOH
Stainless Steel vs. Platinum Using Cylidrical Equation
8.0E-06

Diffusion Coefficient, D (cm2/s)

UAH04B03-Sample O -- H3NOH [SS]
7.0E-06

UAH05C02-Sample J -- H3NOH [SS]

6.0E-06

UAH05C02-Sample M -- H3NOH [Pt]
UAH05C03-Sample H -- H3NOH [Pt]

5.0E-06
4.0E-06
3.0E-06
2.0E-06
1.0E-06
5.0E-10
1

2

3
4
Cycle, nc (#)

5

6

Figure 6.3 Mean H3NOH Cylindrical Equation Diffusion Coefficients for Stainless Steel Versus
Platinum Electrodes as a Function of the Chronoamperometry Cycle.

The two platinum experiment results track closely with each other and settle at a value of
approximately 4x10-7 cm2/s for the hydroxylammonium diffusion coefficient. The two stainless
steel experiments display a considerable difference between them. The final value for the
UAH04B03-Sample O experiment falls into the same range for the two platinum experiments.
The Sample O experiment had only 4 cycles in the test. The UAH05C02-Sample J stainless steel
has a diffusion coefficient value for cycle 1 of approximately 1.4x10-7 cm2/s and cycle 6 value of
5.2x10-10 cm2/s. The cause for the significant discrepancy of this test compared with the other
experiments is not known. The stainless steel electrode material could introduce corrosion or
additional unexpected electrochemical reactions interfering with the desired experiment response.
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ESP sample discoloration was noted posttest at the stainless steel working electrode
interface. The discoloration could indicate corrosion of the stainless steel working electrode and
subsequent metallic ion migration into a small propellant volume surrounding the electrode.
Corrosion and metallic ion generation are expected to affect the electrochemical processes,
thermochemical side reactions, and the electroanalysis experimentation data and results.
Furthermore, the stainless steel working electrodes when removed from the propellant showed
discoloration suggesting possible corrosion.
No ESP sample discoloration was noted at the platinum working electrode, counter
electrode, or reference electrode. One possible exception was the observation posttest of a small
amount of ESP discoloration at one of the platinum electrodes at the exposed sample surface.
The discoloration did not extend deep into the sample but appeared to be fairly limited to a very
small depth around the electrode. The discoloration was minor and possibly may be due to a
propellant defect or outside contaminant not related to the platinum electrode. The platinum
electrode did not exhibit any discoloration or signs of chemical change. Additionally, no other
platinum electrodes and associated ESP samples exhibited this response. Therefore, this small
ESP discoloration was attributed to outside contamination and was not considered indicative of
an electrochemical process of interest or of an undesired side reaction such as observed with the
stainless steel working electrode ESP discoloration.
The experiment results for the calculated mean diffusion coefficient for the nitrate ion are
presented in Figure 6.4.

The data is presented as a function of the chronoamperometry

experiment cycle number and stainless steel and platinum electrode materials. The stainless steel
experiments are indicated by the blue triangles and circles. The platinum experiments are shown
using red diamonds and squares. Additionally, the sample serial numbers are provided for each
experiment for traceability.
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Mean Diffusion Coefficients for NO3
Stainless Steel vs. Platinum Using Cylindrical Equation
4.5E-07

Diffusion Coefficient, D (cm2/s)

4.0E-07

3.5E-07
3.0E-07
2.5E-07

UAH04B03-Sample O -- NO3 [SS]
2.0E-07

UAH05C02-Sample J -- NO3 [SS]

1.5E-07

UAH05C02-Sample M -- NO3 [Pt]
UAH05C03-Sample H -- NO3 [Pt]

1.0E-07
5.3E-08
3.0E-09
1

2

3
4
Cycle, nc (#)

5

6

Figure 6.4 Mean NO3 Cylindrical Equation Diffusion Coefficients for Stainless Steel Versus
Platinum Electrodes as a Function of the Chronoamperometry Cycle.

The diffusion coefficients for the platinum electrodes track fairly well together with a
final value of approximately 3x10-7 cm2/s. The diffusion coefficients for the stainless steel
electrodes show substantial differences. The UAH04B03-Sample O final value differs from the
platinum results by about an order of magnitude. The UAH05C02-Sample J cycle 1 initial value
is approximately 2.0x10-8 cm2/s and the cycle 6 final value is about 3.6x10-9 cm2/s. The cause for
the significant difference in this experiment is not known similar to the hydroxylammonium case.
The diffusion coefficients physically relate to the ability of the ions to move within the
propellant. The current acts effectively as an ion counter with the time measurement supporting a
rate term. The remaining terms describe the physical layout and properties of the environment
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and processes. The diffusion coefficients can be immediately used for calculating the ionic
mobility using the Einstein relation for the electrical mobility equation. Furthermore, the ion
mobility relates the terminal drift velocity of the ions to the force applied against the ions by the
electric field. The drift velocity in turn is related to the charge carrier number density. The
various parameters that can be calculated illustrate the usefulness of the electroanalysis
experiments. The results provide knowledge useful in understanding the underlying processes
and describing them in quantitative manner. Accordingly, the results can be used for enhancing
the theoretical, experimental, and operational parameters.
6.7.2

Conductivity
Electric solid propellant electrical conductivity was calculated using the PEIS experiment

data. The electrical conductivity is defined as



1

 d 

 
  
 Re Z   A 

(6.5)

where ReZ  is the real part of the impedance, d is the working to counter electrode separation
distance, and A is the propellant electrode interface surface area. This equation is defined for
parallel planar electrodes having a uniform electric field.
The experiments used cylindrical or wire electrodes and therefore do not have the
conditions directly applicable for the above conductivity equation. A shape factor could be
applied provided an applicable relationship between cylindrical and planar geometries is
available. Time did not allow such a shape factor to be found in the literature or for one to be
determined but this is a topic for future work. However, assumptions and substitutions were
made for calculating a first order approximation of the electrical conductivity. Firstly, the
cylindrical geometry was used for the planar electrodes, although this substitution is expected to
have a significant effect on the results. The effect may be similar in nature to the diffusion
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coefficient calculations for non-planar electrodes. The electrical conductivity equation may have
been derived for additional geometries besides planar electrodes. However, the derivation is
outside the scope of this dissertation and time did not permit a thorough search for a readily
available cylindrical geometry electrical conductivity equation.
Secondly, the working to counter electrode separation distance was not measured.
However, the experiment setup indicates a design approximation of 0.2 inch. This value was
used in the above conductivity equation. Furthermore, variation exists in the actual value due to
variation in the working and counter electrode placement. The electrode placement was done by
hand without strict tolerances. High accuracy and precision for the electrode placement was not
in the experiment design and would have been difficult to implement.
Finally, the propellant electrode interface surface area was approximated using the
propellant sample length and the wire diameter. Variation is expected in the sample length values
as a single measurement was taken for each sample. In other words, the variation in propellant
length associated with the hand cutting operations was not documented. This data was not
required as part of the original experiment design.
The resulting electrical conductivity values represent approximations for obtaining the
general magnitude and relationships. The conductivity calculations are meant to be value add-ons
as approximations based on the readily available experiment data. A more refined electrical
conductivity evaluation can be made in future research.
The ESP electrical conductivity approximation results as a function of frequency and
stainless steel and platinum electrodes are presented in Figure 6.5. The stainless steel working
electrode experiments are represented by the blue data series. The platinum working electrode
experiments are shown as the red data series.
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Estimated Conductivity -- Stainless Steel vs. Platinum
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24

Conductivity, σ (S/m)

21
18
15

12
9
6

3

UAH05C02-Sample K (RO8) [SS]
UAH05C02-Sample I (RO20) [SS]
UAH05C02-Sample O (RO30) [SS]
UAH05C02-Sample N (RO9) [Pt]
UAH05C02-Sample E (RO13) [Pt]
UAH05C02-Sample M (RO16) [Pt]
UAH05C02-Sample L (RO24) [Pt]
UAH05C03-Sample H (RO27) [Pt]
UAH05C02-Sample D (RO34) [Pt]

0
0.0E+00 2.0E+03 4.0E+03 6.0E+03 8.0E+03 1.0E+04 1.2E+04
Frequency, f (Hz)

Figure 6.5 Electric Solid Propellant Electrical Conductivity Approximations as a Function of
Frequency and Comparing Stainless Steel and Platinum Working Electrodes.

The stainless steel and platinum experiment results group well within the electrode
material variable. All results show strong frequency dependence in the low frequency range.
Furthermore, the conductivity results approach a constant value with increasing frequency. The
results suggest a physical limitation of the hydroxylammonium and nitrate ions to reorient to an
electric field with increasing frequency. Additionally, the conductivity results level off at higher
frequencies and have an average ohmic resistivity of 1/18 Ω-m describing a basic ESP electrical
property for the resistive ability of the propellant to the flow of the charge carrying ionic species.
This behavior could be useful in controlling the electrical response of the propellant through
adjusting the electrical conductivity to the desired value by selecting an alternating current
electric field frequency.
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6.7.3

Impedance
The PEIS experiments return the impedance of the propellant and phase angle of the

measurement signal. The impedance accounts for all sources of resistance to the current through
the propellant, including dc and ac components. An Ohm’s law propellant resistance measured
by a multi-meter is one component of the measured impedance. The phase angle is the degree of
phase shift of the measurement signal relative to the delivered signal. The phase angle provides
information toward understanding the internal physical process occurring within the propellant.
The PEIS experiment data for the representative Nyquist impedance plot plus the
associated frequency component for a platinum working electrode is provided in Figure 6.6. The
accompanying phase angle data for a platinum working electrode is presented in the Bode
impedance plot given in Figure 6.7. This data was collected during the UAH05C02-Sample E
experiment.
The PEIS experiment data for the representative Nyquist impedance plus the frequency
component for a stainless steel working electrode is displayed in Figure 6.8. The phase angle
data for this experiment using a stainless steel working electrode is shown in Figure 6.9. This
data was collected during the UAH05C02-Sample I experiment.
Ultimately, the impedance and phase angle data is used to model the propellant response
as an equivalent electrical circuit. This circuit is presented in the following section but builds on
the data provided here. Analysis of the PEIS experiment data consisting of the impedance and
phase angle is not a trivial task. Understanding and interpreting the experiment data is key
toward applying the data successfully toward the equivalent electrical circuit, theoretical,
experimental, and operational applications.
The PEIS experiment data presented here is supplied as representative data illustrating
the general trends and what data can be captured from these types of experiments. The results are
in no way presented as an exhaustive evaluation. The results are best viewed as first order
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approximations and demonstrative.

Finally, as with all the electroanalysis experiment data

presented in this dissertation, the PEIS data is meant to provide a dataset for future ESP research.

ESP EA II_UAH05C02-Sample E_12182017_C04_PEIS PostCP_EC-Lab Data_Nyquist Impedance Frequenc
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Figure 6.6 Representative UAH05C02-Sample E Nyquist Impedance Plus Frequency for a
Platinum Working Electrode.
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Figure 6.7 Representative UAH05C02-Sample E Bode Impedance for a Platinum Working
Electrode.
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Figure 6.8 Representative UAH05C02-Sample I Nyquist Impedance Plus Frequency for a
Stainless Steel Working Electrode.
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Figure 6.9 Representative UAH05C02-Sample I Bode Impedance for a Stainless Steel Working
Electrode.

6.7.4

Equivalent Electrical Circuit
The equivalent electrical circuit is based on the analysis and interpretation of the PEIS

experiment data consisting of the impedance and phase angle. Representative data sets were
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presented in the previous section. This circuit is the ultimate goal of the PEIS experiments. Each
of the circuit elements should correlate to an electrochemical process occurring within the
propellant. Furthermore, the model must be as simple as possible while fitting the experiment
data well and providing an appropriate and realistic physical explanation for the known or
theorized electrochemical properties.
The EC-Lab software contains an analysis tool called Z-Fit used for modeling the PEIS
data to an equivalent electrical circuit. The tool has numerous built-in and commonly used
complete circuits and individual circuit elements. Therefore, a predefined electrical circuit can be
used with or without customization or a completely new equivalent electrical circuit can be built.
The analysis tool provides guidance on many of the individual circuit components and predefined
circuits. The tool suggests data trends to look for when using an element and or common
rationales for using or not using an element.

Additional information can be found in the

manufacturer literature [72-76], which was used considerably in formulating the following
discussion and interpretation.
The ESP equivalent electrical circuit determined as the best fit for the PEIS experiment
data is provided in Figure 6.10. This figure also contains a diagram showing a generalized
concentration profile relevant to the analysis and resulting circuit. The analysis was conducted
for the PEIS experiments evaluating a frequency range of 0.1-100 kHz.

Three general

classifications are represented by the equivalent circuit and consist of the double layer, diffusion
layer, and bulk propellant.
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Figure 6.10 Electric Solid Propellant Equivalent Electrical Circuit and Proposed Correlations to
Propellant Electrochemical Properties.

For the double layer, the charge transfer resistance and double layer capacitance were
identified as the relevant components. The charge transfer resistance is part of the impedance
measurement and physically represents the resistance to transfer of electrons between the
hydroxylammonium and nitrate ions and the electrodes [72-76]. The double layer capacitance
can be identified through the phase angle data. This capacitance physically represents the finite,
insulating distance between the ions and the electrodes. This distance is typically on the order of
angstroms and the separation of charge sets up a capacitance. A perfect capacitor will be
represented by the measured current response being 90° out of phase with input signal [72-76].
The phase angle data indicates the degree of phase difference with the actual phase being less
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than 90°. More accurately, the current response will be  90n out of phase with voltage where

n will range from 0 to 1 with n = 1 being an ideal capacitor and n = 0 being an ideal resistor.
Therefore, for an imperfect or leaking capacitor, a constant phase element is used to represent the
non-ideal capacitor present in a real system and generated by the electrochemical double layer.
For the diffusion layer, a modified restricted diffusion element was selected to model the
physical processes. This element was perhaps the most difficult to identify in terms of correlating
to the experiment data, model fit statistics, and physical meaning. Ultimately, this element gave
the best fit and most accurate physical correlation for the current understanding. This diffusion
element was used to approximate 2-dimensional cylindrical diffusion where the diffusion layer
was assumed to be linear and have finite length. Therefore, the element is a non-Warburg
element where Warburg elements model semi-infinite diffusion. The process of selecting this
element was lengthy involving considerable reading of literature pertaining to the various
elements [72-76]. A significant amount of trial and error was used for modeling the experiment
data with various elements and examining the model fit statistics.
For the bulk propellant, a bulk propellant resistance element was chosen and is part of the
impedance data. This element represents the resistance to the current flow consisting of the
hydroxylammonium and nitrate ions. This element relates to the charge carrying species flow
resistance separated from diffusion, charge transfer, and charge separation effects [72-76]. This
element correlates to the ohmic resistance of the bulk propellant far from the electrode where the
electrochemical reactions and changes in the ion concentrations and the propellant are occurring.
Matching the above circuit elements to the experiment data is complicated by the fact
these effects may couple. Therefore, while the approach is to add one element at a time and
beginning with the simplest, the addition of new circuit elements may affect the model with
previous or future elements contributing positively or negatively toward the model fit.
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Ultimately, the combined effects of the various model circuit elements must be considered with
the greatest consideration being an appropriate, realistic physical meaning.
The Z-Fit analysis tool provides values for the circuit elements as part of the model
fitting routine. The model was applied to the UAH05C02-Sample N PEIS experiment using a
platinum working electrode and to the UAH05C02-Sample K PEIS experiment using a stainless
steel working electrode. The equivalent electrical circuit for both electrode material scenarios is

EEC  R1 

Q2
R2  Ma3

(6.6)

where R1 is the bulk propellant resistance, Q 2 is the double layer capacitance, R 2 is the charge
transfer resistance, and Ma3 is the modified restricted diffusion element. The ESP equivalent
electrical circuit element model values determined by the EC-Lab Z-Fit analysis tool are supplied
in Table 6.2. The model values were noticed to varying around element values. Variation in the
model is not fully understood but is assumed related to the uncertainty associated with the
modeling routines used by the Z-Fit analysis tool. Note the negative charge transfer resistance for
the stainless steel model. The reason for a negative value was unknown and the available time
did not permit additional analysis. Investigation into the source of the stainless steel model
negative charge transfer resistance and an improved understanding of the equivalent electrical
circuit model is a topic for future work. Further research is recommended into the equivalent
electrical circuit and associated Z-Fit analysis for increased confidence in the results and
correlation to physical phenomena.

The complete BioLogic ZFit analysis results for the

equivalent electrical circuit are presented in Appendix E.
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Table 6.2 Electric Solid Propellant Equivalent Electrical Circuit Elements Model Values
Determined by the EC-Lab Z-Fit Analysis Tool.
Element
Descriptor
Bulk Propellant
Resistance
Double Layer
Capacitance
Phase Adjuster
Charge Transfer
Resistance
Modified
Restricted
Diffusion
Time Constant
Modified
Restricted
Diffusion
Constant

6.7.5

Circuit
Term

Model
Term

Platinum

Stainless Steel

RΩ

R1

101.1 Ohm

88.17 Ohm

Q2

0.856e-6 F.s^(a - 1)

0.3709e-6 F.s^(a - 1)

a2

0.9382

0.9748

Rct

R2

462.9 Ohm

-299.2 Ohm

ZMα

R3

4,739 Ohm

3,191 Ohm

~

t3

0.494e-3 s

0.3137e-3 s

~

a3

0.8619

0.843

Qdl
(Cdl)
~

Redox Potentials
The redox potentials based on the cyclic voltammetry experiments investigate the

electrode referenced voltages relevant to the electrochemical reactions occurring within the ESP
sample.

The redox potential evaluation represents a qualitative assessment of the voltages

associated with possible electrochemical reactions pertinent to the ESP theoretical understanding.
Identifying specific electrochemical reactions for refinement of the theory is outside the scope of
this research. Numerous potential electrochemical pathways exist for the oxidation and reduction
of the chemical species present in the ESP HIPEP 501a formulation. The results serve to provide
insight into the potential pathways and demonstrate the capability and utility of cyclic
voltammetry as a useful electroanalytical technique.
Representative peak analyses of the cyclic voltammetry experiment data are presented in
Figure 6.11 for a stainless steel working electrode and Figure 6.12 for a platinum working
electrode. The results represent definite peaks or possible peak voltages and the corresponding
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current heights. The current peak analysis requires refinement to isolate the electrochemical
reactions for the propellant electroactive species from the extraneous non-relevant
electrochemical reactions such as corrosion, ohmic, or false positives. For example, the oxidation
of the stainless steel electrodes may create metallic ions and liberates electrons in addition to the
HAN redox reactions. Any electrons generated by the stainless steel oxidation reactions augment
the HAN electrolytic process. Additionally, the metallic ions will drive HAN chemical reactions
outside the electrochemical mechanism. The expected impact is increased HAN decomposition
rates and the possibility for side reactions occurring that convolute the results.
Peak analysis for these experiments was not always a straightforward task. Additional
experience would benefit a future analysis of the existing or new data.

However, the

experimental results provide a qualitative assessment of the redox potentials and identify possible
voltages applicable to the ESP electrochemical theory.

UAH05C02-Sample K - Redox
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Figure 6.11 Redox Potentials Based on Cyclic Voltammetry for UAH05C02-Sample K Using a
Stainless Steel Working Electrode.
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Figure 6.12 Redox Potentials Based on Cyclic Voltammetry for UAH05C02-Sample N Using a
Platinum Working Electrode.

The cyclic voltammetry experiments may also be used to suggest physical phenomena
occurring such as gas generation, ohmic current regimes, and regions of electrical potential
having electrochemical reactions. Gas generation is observed as noisy signals once the applied
voltage reaches a sufficient value, typically on the order 2-2.5 V. Gas generation based on signal
noise identification was very apparent during reduction with oxidation showing some but less of
this behavior. An ohmic response is indicated by a linear voltage and current relationship.
Ohmic responses are typically observed on the order of about 2 V. Selection of an appropriate
voltage window excluding gas generation and ohmic responses during the cyclic voltammetry
experiments may improve the results. This was conducted for the current research but further
refinements may benefit future experimentation.
Furthermore, the electrochemical reactions can be determined to be reversible or
irreversible based on the ratio of the anodic to cathodic current. The electrochemical reactions
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are expected to be irreversible as the reaction products are subsequently used in chemical
reactions resulting in combustion. Observation of the cyclic voltammograms suggests this is the
case due to the visual estimation of the anodic and cathodic currents.
Numerous additional interpretations of the cyclic voltammetry data can be determined
but is outside the scope of this research. Furthermore, proper interpretation of the data is not a
trivial task and requires considerable study and practice. While redox potentials are the focus of
this research, additional results and conclusion can be made from the cyclic voltammetry data.
Finally, the cyclic voltammetry experiment data contributes to a dataset useful for future ESP
electroanalysis research.
6.8

Conclusions and Significance
The ESP electroanalysis experimentation major conclusion and significance are presented

in this section. They include the diffusion coefficients, conductivity, impedance, equivalent
electrical circuit, and redox potentials. The significance is the contribution of fundamental,
electrochemical experimentation not currently existing in the public domain literature. The major
conclusions provide determined values for the previous parameters. Additionally, the experiment
datasets can be used for future ESP research thereby generating new conclusions and significance
for theoretical, experimental, and operational applications.
6.8.1

Diffusion Coefficients
The mean diffusion coefficients were determined for the hydroxylammonium and nitrate

ions for stainless steel and platinum working electrodes. The hydroxylammonium diffusion
coefficients for a stainless steel working electrode settled into a range of approximately
5.2x10-10 cm2/s to 2.4x10-7 cm2/s.

The 2.4x10-7 cm2/s value agreed well with the platinum

experiment results that settled into a range of about 3.1x10-7 cm2/s to 3.6x10-7 cm2/s. The nitrate
diffusion coefficients for a stainless steel working electrode settled into a range of about
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3.3x10-9 cm2/s to 5.6x10-8 cm2/s. The platinum working electrode experiments settled into a
range of approximately 2.7x10-7 cm2/s to 3.5x10-7 cm2/s.
The diffusion coefficients can be used to calculate the ion mobility which in turn can be
used to calculate the ion drift velocity. The diffusion coefficient, ion mobility, and ion drift
velocity are parameters relating the applied electric field and associated current response to the
propellant physical properties. These properties relate the ion interactions within the propellant
and in response to the electric field and the resulting electromotive force on the ionic species.
6.8.2

Conductivity
The ESP electrical conductivity was calculated for experiments using stainless steel and

platinum working electrodes. The experiment results are an approximation due to the use of
cylindrical electrodes or wire instead of planar electrodes used in the calculations. Furthermore,
the working to center electrode separation distance was defined using the experiment setup
design. Additionally, the propellant electrode interface surface area was calculated using the
propellant length with accounting for cutting variations. However, the electrical conductivity
results provide an approximation and show the general trends and relationships.
The electrical conductivity for the stainless steel working electrode experiments had a
range of 1.4-19.6 S/m over a frequency range of 0.1-10 kHz. The experiments using a platinum
working electrode had an electrical conductivity range of 3.8-22.0 S/m over the same frequency
range. The results showed a strong dependence on the frequency, especially at lower frequencies.
The electrical conductivity approached a limited with increasing frequency and effectively
leveled off around 10 kHz. The results indicate a limitation of the hydroxylammonium and
nitrate ions to reorient to an alternating electric field. Furthermore, the electrical conductivity
response may be a method for controlling the ESP electrical response through conductivity as a
function of an alternating current electric field.
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6.8.3

Impedance
The ESP impedance and phase angle was determined for experiments using stainless steel

and platinum working electrodes. The experiment data and results are ultimately used for
determining an equivalent electrical circuit correlating to the ESP electrochemical properties.
The impedance accounts for all sources of resistance to the current including ac and dc
components. The phase angle measures the response signal phase shift relative to the input
signal.

The experiments show decreasing impedance with increasing frequency, which is

expected given the conductivity results showing the opposite trend. Furthermore, the phase angle
is approximately -60° for low frequency and high impedance but approaches zero for increasing
frequency and decreasing impedance.

These results indicate the propellant electrochemical

double layer changes from a non-ideal capacitor to a resistor with increasing frequency. The
results and conclusions for the impedance and phase angle are significant in that they enhance the
understanding of the ESP electrochemical properties and those properties change as a function of
the nature of the applied electric field.
6.8.4

Equivalent Electrical Circuit
The ESP equivalent electrical circuit correlates the impedance and phase angle

experiment data to electrochemical properties within the propellant. The simplest, realistic circuit
model is the one selected with each circuit element represented a known or expected
electrochemical property.

The determined equivalent circuit accounts for the double layer,

diffusion layer, and bulk propellant effects. The charge transfer resistance and double layer
capacitance describe the double layer effects. A modified restricted diffusion element operates as
a resistor describing behavior in the diffusion layer. The bulk propellant resistance describes the
resistance of the propellant far away from the electrode, double layer, and diffusion layer.
Furthermore, this resistance relates directly to the resistance to the charge carrying species current
flow. The hydroxylammonium and nitrate ions are these species and encounter all of these circuit
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elements through a conceptual treatment of the electrochemical properties. The model fit returns
values for all of the circuit elements thereby fully defining the equivalent electrical circuit.
6.8.5

Redox Potentials
The redox potentials were determined for experiments using stainless steel and platinum

working electrodes.

The redox potentials provide a qualitative assessment of the voltages

suggesting electrochemical reactions occurred within the propellant. However, before applying
the results, they must be considered for extraneous electrochemical reactions such as corrosion,
ohmic, and false positive processes. Multiple electrochemical pathways exist for any given
electrochemical reaction and thus identification of a specific electrochemical reaction based on
the results requires a theoretical basis. The experiment data defines possible voltages where the
electrochemical reactions are occurring.

This information provides a starting point and

experimental evidence for enhancing the ESP theory and suggesting possible refinements or
support for existing electrochemical reactions.
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CHAPTER 7

CONCLUSIONS

The electric solid propellant response to electrical factors and electrode configurations
was evaluated through fundamental experimentation at atmospheric conditions.

The

experimentation investigated the effects of polarity, voltage, electrode surface areas, electrode
material, voltage steps and sweeps, current steps, and an alternating current electric field
frequency. The ESP HIPEP 501a formulation was used for all experiments. This formulation
consists primarily of a hydroxylammonium nitrate (HAN) ionic liquid and polyvinyl alcohol
(PVA) polymer binder. The experiment data and results relate the nature of the applied electrical
signal and the electrode configurations to the quantitative determination of the burning rate,
electrical power, diffusion coefficients, conductivity, impedance, and an equivalent electrical
circuit.

Furthermore, a qualitative assessment can be made regarding the possible redox

potentials of the electrochemical reactions and the burning behavior as a function of the electrode
polarity and electrode surface area. The experiment mass loss results were compared with the
predicted theoretical mass loss for understanding the burning behavior for the conditions
investigated. Significant conclusions were organized according to the experimentation projects
completed in this research. New theoretical contributions were proposed based on the overall
conclusions drawn from the experimentation and the electrolytic theory.

Finally,

recommendations and future work were discussed for building upon the research, conclusions,
and the proposed, new theoretical components presented in this dissertation.
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7.1

Significant Conclusions
The significant contributions from this research are presented in this section and consist

of the flame sensitivity, electrical response, and electroanalysis experimentation. The section
ends with the proposed new theoretical contributions comprising components connecting to the
three experimentation areas and the electrolytic theory. The new theoretical contributions are
based on the overall conclusions and directed toward filling a knowledge gap related to the
overall ESP combustion mechanism.
7.1.1

Flame Sensitivity
The ESP flame sensitivity experiments evaluated the thermal response of an ESP sample

to an external heat source as a function of time at atmospheric conditions. The experiment results
demonstrated non-ignition events and no self-sustained burning due to the application of an
external flame at atmospheric conditions. Ignition events are defined as the energetic initiation of
a propellant through the application of an external flame thereby resulting in self-sustained
burning after the flame has been removed. Conventional solid propellants exhibit this type of
energetic, self-sustained burning response to an external heat source. The observed ESP thermal
response was a charring of the propellant surface limited to the flame impingement area.
Propellant burning was not self-sustaining and would stop when the flame was removed from the
sample. The ESP sample would slowly foam, discolor, and char only where the flame impinged
with unaffected propellant clearly visible behind the thin char layer. These results validate the
vendor public domain demonstrations in support of the insensitive munitions compliance claim.
The burning rate was estimated to be 2.5 mil/s or 0.0025 in/s representing a very slow but
measurable burning behavior. The sample dimensions were approximately 0.19 inch in width,
0.19 inch in height, and 0.25 inch in length. The mass flow rate was estimated to be 2.6x10 -3 g/s
and corresponds to a nearly linear mass loss relationship with time. The propellant mass loss
achieved 98% of the initial mass after approximately 60 s of exposure to the applied external
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flame. This represents a completely consumed propellant sample with any remaining mass
observed to be char residue. The amount of heat produced by the burning ESP sample was about
16.3% of the heat generated by the applied butane flame and approximately 14.0% of the total
heat produced by the burning ESP sample combined with the butane flame.
Finally, the ESP thermochemical burning characteristics were observed to be
significantly different than the burning behavior observed during the electrical response
experiments.

This is a significant conclusion because this result correlates a difference in

response to a difference in the underlying mechanism.

Additionally, the observed thermal

response provides a method for qualitatively differentiating between electrochemical and
thermochemical contributions to the overall ESP combustion mechanism. The flame sensitivity
experimentation results indicate the purely thermochemical processes are fundamentally different
than the electrochemical processes observed in the electrical response and electroanalysis
experimentation.
7.1.2

Electrical Response
The ESP electrical response experimentation evaluated the electrode polarity, voltage,

and surface area effects on the propellant responses, including burning rate, electrical power
required, burning characteristics, and mass loss compared with theoretical predictions. The
experiment results determined the ESP electrolytic characteristics are a localized effect limited to
a very small volume surrounding the propellant electrode interface. The ESP electrical response
was originally considered to be a potentially global surface effect. However, the electrical
response experimentation definitively demonstrated a highly localized effect restricted to a region
tightly confined to the preferential electrode as evidenced by the observed burning behavior.
Electrode wire geometries produced results as an excellent example of the observed
burning behavior. The electrode wires burned through the propellant sample leaving a char layer
limited to the propellant/electrode interface. The char layer was very thin with non-burned
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propellant behind the char layer. The electrode wires sliced through the initial propellant sample
leaving cleanly cut, separable subdivisions.
Burning behavior was assessed for electrode surface area ratios being either equal or
unequal. The burning location electrode polarity and relative surface area were recorded for each
test and used for determining a burning behavior pattern correlated with the experiment design
factors. The burning characteristics were also connected with the ESP electrolytic combustion
theory for explaining the observed burning response.
For the experiments having an equal electrode surface area ratio, propellant burning for
all 12 tests was observed at the anode or positive electrode only with no burning noted at the
cathode or negative electrode. The plate and plate electrode pair configuration results in equal
current densities at the anode and cathode. However, the ESP electrolytic combustion theory
states the electrochemically produced products at the anode are more chemically reactive and in
greater quantity than those generated at the cathode. The anodic electrochemical reactions initiate
the thermochemical reactions resulting in the observed propellant burning. The thermochemical
reactions occurring at the anode release sufficient heat of reaction in the quantity necessary for
combustion. Electrochemical reactions are occurring at the cathode and are producing chemically
reactive products. However, the generated species and associated thermochemical reactions are
insufficient for propellant combustion. Therefore, the experiment results support the expected,
theoretical burning behavior for an equal electrode surface area ratio.
For the experiments having an unequal electrode surface area ratio, propellant burning
was observed at the electrode having the smaller surface area for 9 tests independent of the
electrode polarity and at the larger electrode surface area for 3 experiments. The wire and plate
electrode pair configuration results in unequal current densities. The current density is defined in
the ESP electrolytic combustion theory as the heat source generated through ohmic heating
required for propellant combustion. The high curvature of the small, cylindrical electrode wires
concentrate the radial electric field lines at the propellant electrode interface. The electroactive
255

hydroxylammonium and nitrate ions will travel along these electric field lines under the
electromotive force. The ions will also be transported down the concentration gradient created by
the electrochemical reactions occurring at both electrodes. The resulting current density effect
now becomes the dominant factor determining the burning location electrode. Accordingly, the
experiment results support the burning characteristics expected by the theory for an unequal
electrode surface area ratio.
The 3 experiments demonstrating propellant burning at the larger surface area represent
unexpected results inconsistent with the current and prior experimentation. The cause for the
unexpected behavior is unknown and a determination cannot be made if a malfunction or a real
phenomenon occurred. However, for all 3 of these experiments the burning location electrode
was the anode or positive electrode. Additional experimentation is required to determine the
reason for the unexpected burning behavior exhibited for these 3 tests.
The burning location propellant electrode interface exhibited electrostatic discharge
behavior evidenced by the observed light crackling highly localized around the electrode. The
burning location also exhibited considerable smoke generation and char.

The non-burning

location propellant electrode interface demonstrated reaction products as evidenced by propellant
slip in some experiments. For example, the lower propellant electrode interface at the plate
electrode did not demonstrate propellant burning. However, the propellant sample moved from
the original position following the application of electrical power. Propellant slip is attributed to
the electrochemical generation of gases and liquids resulting in a thin lubricating layer between
the propellant and electrode thereby allowing propellant movement.
New, empirical correlations were identified for the burning rate and electrical power that
were determined to be statistically significant as a result of the statistical analysis. The burning
rate was correlated with the current density and with the electrode polarity, voltage, and surface
area. The electrical power relationship was determined as a function of the electrode polarity,
voltage, and surface area.
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The determined burning rate is one of the most significant contributions made by this
research because two relationships were generated relating the burning rate to the current density
and to the polarity, voltage, and electrode surface areas. Burning rate results are frequently
presented as a function of pressure. However, electric solid propellant burning rates defined as a
function of the electrical factors and electrode geometries with associated equations and
supporting uncertainty and statistical analyses are not readily available in the public domain
literature.
The burning rates for atmospheric conditions determined through this research show a
strong, nearly directly proportional dependence on the current density evidenced by a current
density exponent of 0.958. The direct proportionality between current density and burning rate
indicate the electrolytic nature underlying the ESP combustion mechanism. This significant
conclusion says the observed burning rate response is directly related to the electrical current
responsible for driving the mechanism. The electrolytic theory is supported by the experiment
data and results along with the accompanying experiment design, setup, and analysis not
previously available in the public domain literature.
Furthermore, the burning rate results grouped well according to the electrode surface area
ratios. Equal surface areas had current density ranges of approximately 0.00403 A/mm2 to
0.00980 A/mm2 with corresponding burning rates of about 0.0158 in./s to 0.0206 in./s. The
smallest electrode surface areas thereby producing the largest electrode surface area ratios had
current density ranges of approximately 0.00984 A/mm2 to 0.105 A/mm2 with corresponding
burning rates of about 0.0367 in./s to 0.574 in./s. Therefore, the current density provides a
method for burning rate control through the appropriate selection of the electrode surface area
ratio.
A burning rate was also determined as a function of the electrical polarity, voltage, and
electrode surface areas using a statistical analysis resulting in a regression equation modeling the
burning rate response. The statistical analysis determined the electrode surface area had the
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greatest effect on the burning rate response. This compares well with the previous discussion of
the burning rate with current density results. The electrical polarity and voltage were also
determined to have a statistically significant impact on the burning rate. Their significance was
shown to be relatively less important compared with the electrode surface area. Finally, the
statistical analysis revealed that the two-way interactions of polarity and electrode surface area
and voltage and electrode surface area also contributed to burning rate response. Both two-way
interactions were determined to have the same effect magnitude relative to voltage.

The

statistical analysis provides a method for determining which factors control the ESP responses
and their relative importance based on statistical significance.
The electric power had a range over all experiments of 15-170 W for all electrode pair
configurations. The plate and plate electrode pair configuration had a range of 30-50 W over all
experiments and were closely grouped. The center points in the experiment design were also
closely grouped together and had an electric power range of 60-85 W. The wire and plate
electrode pair configuration experiments had a range of 15-170 W and had the greatest spread of
power results. The electric power results demonstrate the variation in power requirements based
on the electrical factors and electrode configurations.

The results provide a method for a

preliminary sizing of a power supply required to achieve a range of responses for the conditions
investigated. A scaling law was not determined to account for an applied ESP propulsion system
but these results supply an initial analysis as a starting point.
Finally, the experiment results determined the measured experiment mass loss was
5-50 times the mass loss predicted by the electrolytic theory over all of the experiments. The
results indicate there are processes occurring during the experiments that are not accounted for in
the electrolytic theory. The experiments were unable to fully isolate the electrochemical and the
thermochemical in the electrical response. Therefore, the purely electrochemical processes were
not the sole component evaluated and thus the experiment mass loss was expected to be greater
than that predicted by the electrolytic theory. The electrical response experimentation was
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designed to investigate propellant responses at atmospheric conditions using factor levels
necessary for combustion. The significance of this electrolytic theory to experiment mass loss
ratio is the determination of the extent of the mass loss attributable to the electrolytic theory with
the remaining mass loss assigned to thermochemical processes or some additional phenomena.
7.1.3

Electroanalysis
The electroanalysis experimentation investigated the purely electrochemical and physical

properties through evaluation of the voltage, current, and frequency effects. The significant
conclusions consist of the calculation of the diffusion coefficients and approximation of the
conductivity. These parameters provide data for calculating additional parameters and supply
information into the interaction between the hydroxylammonium and nitrate ions, PVA, electrode
geometries, and the applied electric field. The physical and electrochemical properties of the ESP
and the associated electrode pair configuration determine the required electrical current and
subsequent response characteristics such as propellant burning observed in the electrical response
experimentation.
Firstly,

the

experiment

results

generated

diffusion

coefficients

for

the

hydroxylammonium and nitrate ion for stainless steel and platinum working electrodes. The
nitrate ions were determined to be the diffusion limiting species based on the following diffusion
coefficient calculation results using the platinum working electrode. The platinum electrode
results were considered more accurate due to the likelihood of the stainless steel working
electrodes

contributing

additional,

interfering

electrochemical

reactions.

The

hydroxylammonium diffusion coefficient for platinum electrodes had a range of approximately
3.11x10-7 cm2/s to 3.62x10-7 cm2/s. The stainless steel working electrode experiments had a range
of about 5.21x10-10 cm2/s to 3.56x10-7 cm2/s. The nitrate diffusion coefficient for platinum
electrodes had an approximate range of 2.67x10-7 cm2/s to 3.45x10-7 cm2/s. The stainless steel
working electrode tests had values with a range of about 3.59x10-9 cm2/s to 5.64x10-8 cm2/s. The

259

stainless steel working electrode experiment results had a greater variation compared with the
platinum electrode tests. Furthermore, the stainless steel and platinum electrode experiment
results did not agree as well as expected for either of the diffusion coefficients.
The diffusion coefficients represent a slope for the linearized current with time
relationship and physically describe the ability of the ions to transfer from the bulk propellant to
the electrode surfaces. The ions are the charge carrying species related to the measured electrical
current. The difference in the stainless steel and platinum experiment results may be attributed to
the electron transfer resistance, electrode kinetics, and undesired electrochemical reactions such
as corrosion of the stainless steel electrodes. Platinum is selected as an electrode material for the
low resistance and high kinetics without corrosion in most moist environments.
The significance of the diffusion coefficient results is the relationship to the physical and
electrochemical properties of the propellant.

The diffusion coefficients for electric solid

propellant are not readily available in the public domain literature. The diffusion coefficients
physically relate the transfer of the hydroxylammonium and nitrate ions or charge transfer species
through the propellant and toward the electrodes. The electrical response depends on the ability
of the propellant to transfer these species and is measured as the electrical current. Furthermore,
the ion mobility and ion drift velocity can be calculated using the determined diffusion
coefficients and incorporate electrode geometry and electric field effects. All three of these
parameters benefit the theoretical understanding of the physical and electrochemical processes
occurring within the propellant. Furthermore, an increase in the ion mobility would result in an
increase in the diffusion coefficients. Physically this corresponds to reduced resistance within the
propellant to flow of the ions or charge transfer species. Such a change in the propellant physical
properties would result in an increased conductivity and therefore increased electrical current.
Ultimately, the increase in current would change the electrical response such as an increase in the
burning rate accounting for the current carrying capacity limit of the material.
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Secondly, the electrical conductivity dc component was calculated using the parallel
planar electrode electrical response experiments and the ac component was approximated using
the parallel cylindrical electrode electroanalysis experiments. The dc component of the electrical
conductivity had a range of about 0.09-0.25 S/m and is reported in the electroanalysis section for
comparison purposes. The ac component had an approximate range of 1.4-19.6 S/m over a
frequency range of 0.1-10 kHz for the stainless steel working electrodes and a range of about
3.8-22.0 S/m over the same frequency range for the platinum electrodes. The experiment results
have values within ranges for semiconductor conductivity, as a method of comparison. The ac
electrical conductivity showed strong frequency dependence at low frequencies with the
conductivity approaching a constant value with increasing frequency. This behavior suggests a
frequency limit for the hydroxylammonium and nitrate ions reorientation and response to an
alternating electric field.
The electrical conductivity is a physical property of the electric solid propellant relating
to transfer of the hydroxylammonium and nitrate charge carrying species from the bulk propellant
to the electrodes. Increased electrical conductivity is expected to increase the current and the
current dependent electrical response parameters such as burning rate and electrical power. The
burning rate is a current dependent electrical response and an increase in current is expected to
increase the burning rate where the current is equal to or less than the current carrying capacity of
the propellant. Therefore, the burning rate may be controlled by the selection of a specific ac
electrical conductivity through frequency control. Finally, the electrical conductivity dc and ac
components are significant contributions in that they can be used to enhance the theoretical,
experimental, and operational understanding of the electrochemical and physical properties of
electric solid propellant. The electrical conductivity dc and ac components are contributions not
previously existing in the public domain literature.
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7.2

New Theoretical Contributions
The combination of the flame sensitivity, electrical response, and electroanalysis

experimentation and the electrolytic theory allows for the contribution of new theoretical
components proposed to the overall ESP combustion mechanism.

Each of the three

experimentation areas provided unique data, results, and conclusions compared with the existing
electrolytic theory. All four research areas describe an important aspect of the ESP combustion
mechanism and are therefore connected. The new theoretical contributions proposed in the
following discussion were determined through overall conclusions obtained from considering the
results in the context of the flame sensitivity, electrical response, and electroanalysis
experimentation and the electrolytic theory. This section discusses overall conclusions through
connection of all four research areas and produces new theoretical components contributed as
possible areas for future research.
The electrolytic theory defines the electrochemical reactions occurring within the ESP
based on the given formulation and expected combustion products.

The electrochemical

reactions generated new species proportional to the electrical current. These new species drive
thermochemical reactions resulting in propellant combustion limited to quantities related to
amount of new species generated and proportional to the electrical current.
The flame sensitivity experimentation demonstrated the ESP thermal response without
electrical energy supplied to the sample and resulting in the thermal burning characteristics being
identified. The electrical response experimentation included electrical effects with accompanying
thermochemical reactions occurring as a consequence to the initiating electrochemical reactions.
The electrical response burning characteristics were identified and demonstrated large voltages of
200-300 V were required for ESP combustion. The electroanalysis experimentation demonstrated
ESP electrochemical reactions would occur without combustion at small voltage ranges of ±2.5 V
or less. The ESP combustion voltages demonstrated in the electrical response experimentation far

262

exceed the potentials required for electrochemical reactions to proceed. The question then
becomes: Why is such a large overpotential required for ESP combustion?
The conclusion is that the PVA is expected to be an active component in the ESP
combustion mechanism when influenced by electrical effects through dielectric breakdown and
ionization resulting in the augmentation of the electrochemical and thermochemical processes.
The PVA polymer chains provide the structural support and ionic transport mechanisms such as
ionic conduction, proton conduction, intercalation, and polymer chain crankshaft motion
physically moving the ions. The PVA is present throughout the ESP and assumed evenly
distributed. Therefore, the PVA is present at the propellant electrode interface, double layer,
diffusion layer, and bulk propellant.
The PVA is a known electrical insulator and is a dielectric medium with an associated
breakdown voltage. When the electric field is applied to the ESP sample with a magnitude of
200-300 V, propellant combustion is observed localized at one electrode as previously discussed.
Additionally, the respective HAN ionic component establishes a double layer at this electrode.
The ions are separated from the electrode surface with a distance on the order of angstroms. This
charge separation acts as a capacitor allowing the build-up of charge with the ions effectively
shielding the propellant from the electrode charge but not the electric field.
Furthermore, when the 200-300 V overpotential is applied to the ESP sample, the PVA
breakdown voltage is achieved or exceeded. The breakdown voltage is defined using the applied
voltage and the charge separation distance between the electrode surface and the ions forming the
double layer. When the breakdown voltage is achieved, a portion of the PVA polymer chain will
ionize dissociating to smaller, electrically charged species due to the electrostatic discharge. This
portion of the PVA polymer transitioned from electrical insulator to conductor. The ionized
species originating from the PVA create a new electrically conductive path from the electrode
surface to the ions in the double layer. This creates a leak current pathway between the two
effective capacitor plates representing the double layer.
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The result is a temporary increase in the ESP conductivity highly localized at the
electrode. This allows a temporary increase in the electrical current flow and is measured during
the experiment through the current and voltage parameters. This behavior is consider a possible
explanation for the increased variation in the current and voltage measurements during propellant
burning as seen in the representative data present in a previous chapter. Furthermore, the light
crackling observed at the burning location electrode was associated with electrostatic discharge
consistent with the PVA breakdown voltage, ionization, and temporary increase in the highly
localized ESP conductivity and electrical current. This behavior may only be observed at the
burning location electrode due to a diffusion limited process restricting ionic transport thereby
setting up the necessary charge separation conditions. The diffusion limited process is a function
of the electrode geometry, surface area ratio, and polarity along with the electric field and
concentration gradient effects. Additional factors may influence the ionic diffusion process.
Furthermore, the observed behavior in the context of electrostatic discharge and dielectric
breakdown may involve additional principles and phenomena.
Additionally, the ionized portions of the PVA polymer resulting from the electrostatic
discharge will contribute to the existing electrochemical and thermochemical processes and create
potential new reaction pathways. The result is the augmentation of the electrochemical and
thermochemical reactions and resulting propellant burning characteristics. The ionized species
will be highly chemically reactive and will form new reaction products.
The analogy on a macro scale is a lightning strike where the air is an electrical insulator
and dielectric medium separating electrical charge between the cloud and ground. When a
sufficient overpotential is applied, the breakdown voltage for air is achieved resulting in
ionization and dissociation of the oxygen and nitrogen through the electrostatic discharge seen as
lightning. The ionized air now becomes electrically conductive allowing the flow of electrical
charge along the ionized species pathway. When the electrostatic discharge is complete, the
ionized oxygen and nitrogen recombine but not necessarily back into the original diatomic
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oxygen and nitrogen species. A substantial amount of the oxygen and nitrogen ionized species
chemically react forming a new species generally classified here as nitrates or fertilizer. Rain
absorbs the nitrates and transports the fertilizer to the ground for use by plants and incorporation
into the food chain. The lightning analogy provides a method for understanding the electrostatic
discharge events occurring within the ESP sample.

What once was an electrical insulator

becomes electrically conductive facilitating the transfer of electronic charge. The electrons are
used in the electrochemical reactions driving the thermochemical reactions. Furthermore, the
ionized PVA components augment the electrochemical and thermochemical processes involved in
the overall ESP combustion mechanism. Investigation into this new theoretical component is a
topic for future research.
Finally, the PVA hydroxyl groups and quantity of these groups are expected to play an
important role in the ionic transport mechanism. The hydroxyl groups interact with the polymer
chain affecting the electron distribution. The ionic HAN species will be attracted via ionic bonds
to these sites on the polymer chain with ions being transferred from site to site through the
possible transport mechanism previously discussed and potentially others. Ion mobility affects
the electrical conductivity and diffusion coefficients thereby impacting the measured electrical
current and ultimately the observed electrical response such as burning rate. Different PVA
groups, quantities of these groups, and different polymer structures are expected to have different
effects based on their interaction within the polymer electron distribution and with the ionic,
electroactive species such as HAN. From a cursory review of a sampling of literature, PVA has
been researched and used for transistors for the electrical insulation and charge carrying species
transport properties.

A number of other polymers and materials have been used for

electrochemical processes and therefore highlight the potential usefulness of other chemical
species toward ESP applications. Further investigation into PVA or other materials is a topic for
future research.
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7.3

Recommendations and Future Work
The burning rate, diffusion coefficients, and conductivity can be revisited to refine the

experiment results. Additional burning rate data would benefit the current conclusions either
through reinforcing the observed relationships or refining the results. The diffusion coefficients
were determined using a pilot experiment design and therefore a more detailed study would only
improve the calculations and understanding. The electrical conductivity can be improved by
conducting additional dc electrical conductivity experiments and improving the ac electrical
conductivity results. For example, this might include using a rectified alternating electric field at
200 V thereby maintaining constant polarity at each electrode. Additionally, an alternating
electric field without rectification at high voltages such as 200-300 V may also provide useful
experiment data. The ac conductivity would benefit from either recalculating using an equation
derived for cylindrical electrode geometries or ideally conducting new experiments using parallel
planar electrodes along with tight tolerances on the working to counter electrode separation
distance and working electrode surface area.
The electric solid propellant impedance was investigated and the results showed
decreasing impedance with increasing frequency along with a phase angle offset approach zero
with increasing frequency. These experiment results were then used to correlate the known and
expected electric solid propellant electrochemical and physical properties to an equivalent
electrical circuit model. While considerable data was collected and the best interpretation was
given, additional research into this topic would provide numerous benefits. Firstly, an improved
understanding of the propellant properties would support an enhancement of the theory
explaining the underlying science of the observed electrical response.

Secondly, a better

understanding would assist in future experiment designs investigating specific properties and for
improved experiment data and results.
Additionally, the electrical power was calculated for many of the experiments. The
experiment results showed a dependence on the electrode surface areas and also to the applied
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electrical polarity and voltage. Future work could be done in the area of electrical power
requirements. Understanding the power requirements may result in new electrical power regimes
applied to the propellant, electrode designs, formulations, and operational regimes where the
power requirements can be reduced. Power is a major design trade-off, especially when weight
and physical space are severally limited.
The predicted theoretical mass loss was compared with the actual experiment pretest
posttest differenced mass loss.

The electrolytic theory predicts a mass loss based on the

hydroyxlammonium nitrate electrochemical reactions plus the polyvinyl alcohol involved in the
chemical reactions with the species generated by the electrolytic processes. The scope of the
electrolytic theory does not account for the thermochemical reactions resulting from heat
generated by the electrochemical reactions. The proposal of an accompanying thermochemical
theory explaining the calculated low theory to experiment mass loss ratios would complement the
electrolytic theory.

A thermochemical theory and electrolytic theory are necessary for

understanding the complete ESP combustion mechanism.
Similarly, the burning volume estimation predicted mass loss was compared with the
actual experiment mass loss calculated by differencing the pretest and posttest masses. This ratio
provides a parameter indicating a measure of the combustion efficiency based on the expected
combustion volume. This parameter may serve as a combustion or burning behavior metric.
Further investigation may determine the exact utility of this parameter.
Additionally, the propellant burning behavior as a function of the electrode polarity and
electrode surface area was provided as a qualitative assessment. While consistent preferential
burning was observed based on these factors, three experiments did exhibit burning behaviors
opposite the expected trend consistent with the qualitative data. Additional experimentation
would help determine the reason for these atypical tests, whether attributable to a relevant
phenomenon or discernable experiment malfunction.
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A qualitative assessment was provided for the possible redox potentials of the
electrochemical reactions. The resulting data provides insight and possible voltages applicable to
the electrolytic theory electrochemical reactions.

However, specific identification of the

appropriate electrochemical reactions correlated to given voltages was outside the scope of this
research and was not possible with time available. The experiment data and results prove the
usefulness of the electroanalytical techniques and general applicability. However, not all of the
voltages suggest may correlate to relevant electrochemical reactions. Therefore, the experiment
data and results can be revisited and new experiments can be performed thereby enhancing the
existing datasets. Ultimately, the data and results can assist in determining the electrochemical
reactions occurring in the electric solid propellant and pertinent to the observed electrical
response.

The outcome would enhance the theoretical, experimental, and operational

understanding and application.
Finally, investigation of the new theoretical components proposed earlier in this chapter
would improve the understanding and connect with the experiment data, observations, results,
and conclusions. Evaluating the PVA contributions resulting from the electrostatic discharge
ionization to the electrochemical and thermochemical processes would help fill the knowledge
gap existing between the electrolytic theory and the experiment measurements. Additionally,
evaluating the effects of the polymer binder, groups, and quantity of the groups on the observed
ESP electrical response and electrochemical and physical properties would enhance the existing
research. However, this would constitute a new ESP formulation development effort and would
require extensive resources to complete. This is evidenced through the literature review showing
the development efforts of the various ESP formulations including the selection of the polymer
binder. A tractable alternative would be the electrochemical and physical property evaluation of
a binder material interacting with an appropriate ionic simulant thereby elucidating the relevant
responses and characteristics for establishing correlations with a proposed, simulated ESP
formulation.
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APPENDIX A

ELECTRICAL RESPONSE EXPERIMENTATION ELECTRICAL
DIAGRAM

This appendix presents the ESP electrical response experimentation electrical diagram.
The diagram illustrates the major components and their electrical connections and isolations as
appropriate. Note the computer/DAQ, control system, power supplies, sensors, electrode pair,
and ESP sample depicted in the diagram. The diagram is shown on the following page in order
enlarge the graphic as much as possible without dividing the figure onto separate pages.
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Figure A.1 Electrical Response Experimentation Electrical Diagram.

271

APPENDIX B

ELECTRICAL RESPONSE EXPERIMENTATION PRESSURE
DIAGRAM

This appendix presents the ESP electrical response experimentation pressure diagram.
The diagram illustrates the major components and their pressure connections and isolations as
appropriate. The diagram shows the pressure system was situated across two rooms and three
distinct working areas. The actual experimentation had the pressure control components depicted
in diagram in the “Laboratory Work Area” placed in the fume hood as additional hazard
mitigation. Note the sensors, electrode pair, ESP sample, and nitrogen flow diffuser, direct purge,
and exhaust flow within the pressure vessel. The diagram is shown on the following page in
order enlarge the graphic as much as possible without dividing the figure onto separate pages.
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Figure B.1 Electrical Response Experimentation Pressure Diagram.
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APPENDIX C

BURNING RATE VERSUS CURRENT DENSITY DATA

This appendix supplies tabulated data for the burning rate versus current density graph
used for determining the power fitted regression equation relating burning rate and current
density.

No Transients Grouped (Power Fit)
0.7

Plates (High)
Center Points
Wires (Low)
Power Fit

Burning Rate, r (in/s)

0.6
0.5

r = 2.7131 J 0.958
R² = 0.9029

0.4
0.3
0.2
0.1
0
0

0.02

0.04
0.06
0.08
Current Density, J (A/mm2)

0.1

0.12

Figure C.1 Electric Solid Propellnat Burning Rate as a Function of Current Density and Grouped
by Electrode Pair Configurations.
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Table C.1 Burning Rate Versus Current Density Tabulated Data.

Sample Serial Number
UAH04B01-Sample C
UAH04B01-Sample D
UAH04B01-Sample F
UAH04B01-Sample H
UAH04B01-Sample I
UAH04B01-Sample M
UAH04B01-Sample O
UAH04B02-Sample A
UAH04B02-Sample I
UAH04B02-Sample K
UAH04B02-Sample L
UAH04B02-SampleM
UAH04B01-Sample A
UAH04B01-Sample B
UAH04B01-Sample N
UAH04B02-Sample B
UAH04B02-Sample G
UAH04B01-Sample E
UAH04B01-Sample G
UAH04B01-Sample J
UAH04B01-Sample L
UAH04B02-Sample C
UAH04B02-Sample E
UAH04B02-Sample F

Upper Electrode Surface
Area Configuration
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Plate
Center Point
Center Point
Center Point
Center Point
Center Point
Wire
Wire
Wire
Wire
Wire
Wire
Wire
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Current Density,
J (A/mm2)
0.007064714
0.005858971
0.009052909
0.00703565
0.009123356
0.004025139
0.006053669
0.006049381
0.006628016
0.008800396
0.009796086
0.005685173
0.027973278
0.010569875
0.013425927
0.027587953
0.010308576
0.105038221
0.077577589
0.009836616
0.096910889
0.072931505
0.011721885
0.029404344

Burning Rate,
r (in/s)
0.012539173
0.033998733
0.020232513
0.030652606
0.019844083
0.015755983
0.023140593
0.022758343
0.022712711
0.041598628
0.020613404
0.022097236
0.093166352
0.048406532
0.031069902
0.086360851
0.032152932
0.573682561
0.196682892
0.036672746
0.248025956
0.208352607
0.036263337
0.085118926

APPENDIX D

BURNING RATE STATISTICAL ANALYSIS RESULTS

This appendix presents the burning rate statistical analysis results for the 24 successful
experiments and excluding the 6 transient experiments. The results are presented here in their
raw form without additional analysis, interpretation, or conclusions. This appendix material is
supplied as generated by the Minitab software.

Previous Version Output
Factorial Regression: Burning Rate (in./s) versus Blocks, ... ea, CenterPt

* NOTE * Data in the worksheet do not appear to match the units and/or levels given for the
design.
* NOTE * This design has some botched runs.
* NOTE * This design is not orthogonal.

Method
Rows unused

6
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Analysis of Variance

Table D.1 Burning Rate Analysis of Variance Results.
Source
Model
Blocks
Linear
Upper Electrode Polarity
Voltage
Upper Electrode Surface Area
2-Way Interactions
Upper Electrode Polarity*Voltage
Upper Electrode Polarity*Upper Electrode
Surface Area
Voltage*Upper Electrode Surface Area
3-Way Interactions
Upper Electrode Polarity*Voltage*Upper
Electrode Surface Area
Curvature
Error
Total

DF
10
2
3
1
1
1
3
1
1

Seq SS
0.298949
0.045237
0.140433
0.014116
0.005071
0.121246
0.073381
0.004694
0.043338

Contribution
85.35%
12.92%
40.10%
4.03%
1.45%
34.62%
20.95%
1.34%
12.37%

1
1
1

0.025349
0.010707
0.010707

7.24%
3.06%
3.06%

1
13
23

0.029191
0.051300
0.350249

Source
Model
Blocks
Linear
Upper Electrode Polarity
Voltage
Upper Electrode Surface Area
2-Way Interactions
Upper Electrode Polarity*Voltage
Upper Electrode Polarity*Upper Electrode
Surface Area
Voltage*Upper Electrode Surface Area
3-Way Interactions
Upper Electrode Polarity*Voltage*Upper
Electrode Surface Area
Curvature
Error
Total

Adj SS
0.29895
0.01338
0.21843
0.07190
0.04011
0.16265
0.08340
0.01981
0.04740

Adj MS
0.029895
0.006689
0.072812
0.071901
0.040111
0.162651
0.027799
0.019810
0.047396

8.33%
14.65%
100.00%
FValue
7.58
1.70
18.45
18.22
10.16
41.22
7.04
5.02
12.01

0.02991
0.01195
0.01195

0.029911
0.011952
0.011952

7.58
3.03
3.03

0.02919
0.05130

0.029191
0.003946

7.40
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Table D.1 (continued)
Source
Model
Blocks
Linear
Upper Electrode Polarity
Voltage
Upper Electrode Surface Area
2-Way Interactions
Upper Electrode Polarity*Voltage
Upper Electrode Polarity*Upper Electrode Surface Area
Voltage*Upper Electrode Surface Area
3-Way Interactions
Upper Electrode Polarity*Voltage*Upper Electrode Surface
Area
Curvature
Error
Total

Model Summary

Table D.2 Burning Rate Regression Equation Model Summary.
S
0.0628185

R-sq
85.35%

R-sq(adj)
74.09%

PRESS
0.371517
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R-sq(pred)
0.00%

P-Value
0.001
0.222
0.000
0.001
0.007
0.000
0.005
0.043
0.004
0.016
0.105
0.105
0.018

Coded Coefficients

Table D.3 Burning Rate Statistical Analysis Coded Coefficients.

Term
Constant
Blocks
1
2
3
Upper Electrode Polarity
Voltage
Upper Electrode Surface Area
Upper Electrode Polarity*Voltage
Upper Electrode Polarity*Upper Electrode Surface
Area
Voltage*Upper Electrode Surface Area
Upper Electrode Polarity*Voltage*Upper Electrode
Surface Area
Ct Pt

279

Coef
0.1355

SE
Coef
0.0160

0.1188
0.1025
-0.1761
0.0718
-0.0929

0.0325
-0.0090
-0.0235
0.0594
0.0512
-0.0881
0.0359
-0.0464

0.0186
0.0200
0.0187
0.0139
0.0161
0.0137
0.0160
0.0134

-0.0772
-0.0494

-0.0386
-0.0247

0.0140
0.0142

-0.0903

0.0332

Effect

Table D.3 (continued)

Term
Constant

95% CI
(0.1010,
0.1700)

Blocks
1
2
3
Upper Electrode Polarity
Voltage
Upper Electrode Surface Area
Upper Electrode Polarity*Voltage
Upper Electrode Polarity*Upper Electrode Surface
Area
Voltage*Upper Electrode Surface Area
Upper Electrode Polarity*Voltage*Upper Electrode
Surface Area
Ct Pt
Term
Constant
Blocks
1
2
3
Upper Electrode Polarity
Voltage
Upper Electrode Surface Area
Upper Electrode Polarity*Voltage
Upper Electrode Polarity*Upper Electrode Surface Area
Voltage*Upper Electrode Surface Area
Upper Electrode Polarity*Voltage*Upper Electrode Surface
Area
Ct Pt

280

(-0.0076,
0.0726)
(-0.0522,
0.0342)
(-0.0640,
0.0169)
(0.0293,
0.0895)
(0.0165,
0.0860)
(-0.1177, 0.0584)
(0.0013,
0.0705)
(-0.0754, 0.0175)
(-0.0689, 0.0083)
(-0.0554,
0.0060)
(-0.1620, 0.0186)
P-Value
0.000

TValue
8.49

1.75
-0.45
-1.26
4.27
3.19
-6.42
2.24
-3.47
-2.75
-1.74
-2.72
VIF

0.103
0.660
0.231
0.001
0.007
0.000
0.043
0.004
0.016
0.105

1.48
1.52
*
1.18
1.23
1.11
1.22
1.13
1.18
1.21

0.018

1.10

Regression Equation in Uncoded Units

Table D.4 Burning Rate Regression Equation in Uncoded Units.
Burning
Rate (in./s)

=

-0.288 - 0.243 Upper Electrode Polarity + 0.002255 Voltage
+ 7.78 Upper Electrode Surface Area
+ 0.001505 Upper Electrode Polarity*Voltage
+ 5.71 Upper Electrode Polarity*Upper Electrode Surface Area
- 0.0572 Voltage*Upper Electrode Surface Area
0.0366 Upper Electrode Polarity*Voltage*Upper Electrode Surface Area
- 0.0903 Ct Pt

Equation averaged over blocks.

Alias Structure

Table D.5 Burning Rate Alias Structure.
Factor
A
B
C
Aliases
I
Block
1
Block
2
A
B
C
AB
AC
BC
ABC

Name
Upper Electrode Polarity
Voltage
Upper Electrode Surface Area
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Fits and Diagnostics for All Observations

Table D.6 Burning Rate Fits and Diagnostics for All Observations.

Obs
1

Burning
Rate
(in./s)
0.5737

Fit
0.5091

SE Fit
0.0580

2

0.0484

0.0355

0.0383

3

0.0125

0.0655

0.0395

4

0.0307

0.0626

0.0397

5

0.0202

0.0589

0.0415

6

0.0932

0.1683

0.0348

7

0.2480

0.1764

0.0446

8

0.1967

0.2115

0.0458

9

0.0158

0.0500

10

*

0.0487
0.1184

11

0.0367

0.1234

0.0469

12

0.0198

0.0101

0.0386

13

0.0311

0.0396

14

0.0231

0.0376
0.0152

15

0.0340

0.0059

0.0384

16

0.0363

0.0637

0.0461

17

*

0.4497

0.0622

0.0491

0.0387

95% CI
(0.3837,
0.6345)
(-0.0472,
0.1182)
(-0.0197,
0.1508)
(-0.0232,
0.1484)
(-0.0306,
0.1485)
(0.0932,
0.2435)
(0.0801,
0.2727)
(0.1126,
0.3104)
(-0.1567,
0.0593)
(0.0124,
0.2245)
(0.0221,
0.2248)
(-0.0734,
0.0936)
(-0.1232,
0.0479)
(-0.0684,
0.0988)
(-0.0770,
0.0889)
(-0.0358,
0.1632)
(0.3152,
0.5842)
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Resid
0.0646

Std
Resid
2.69

Del
Resid
3.89

HI
0.853913

0.0129

0.26

0.25

0.371321

0.0530
0.0319
0.0387
0.0752
0.0717

-1.08

-1.09

0.394458

-0.66

-0.64

0.399527

-0.82

-0.81

0.435567

-1.44

-1.51

0.306647

1.62

1.74

0.503279

0.0148
0.0645

-0.35

-0.33

0.531389

1.70

1.85

0.633414

*

*

*

*

0.0867
0.0097

-2.08

-2.44

0.557854

0.20

0.19

0.378432

0.0687

1.41

1.47

0.397157

0.0079

0.16

0.15

0.379770

0.0281

0.56

0.55

0.373651

0.0274
*

-0.64

-0.63

0.537842

*

*

*

Table D.6 (continued)

Obs
18

Burning
Rate
(in./s)
*

19

SE Fit
0.0400

0.0221

Fit
0.0154
0.0739

20

0.2084

0.1568

0.0464

21

0.0322

0.0369

22

*

0.0065
0.1712

23

*

0.1277

0.0483

24

0.0227

0.0743

0.0392

25

0.0228

0.0087

0.0438

26

0.0864

0.1314

0.0379

27

0.0851

0.0794

0.0463

28

0.0206

0.0066

0.0432

29

0.0416

0.0174

0.0426

30

*

0.4670

0.0628

0.0367

0.0525

95% CI
(-0.1018,
0.0711)
(-0.0054,
0.1532)
(0.0565,
0.2572)
(-0.0861,
0.0732)
(0.0578,
0.2845)
(0.0234,
0.2319)
(-0.0104,
0.1589)
(-0.0859,
0.1033)
(0.0495,
0.2133)
(-0.0206,
0.1794)
(-0.0866,
0.0999)
(-0.0747,
0.1094)
(0.3313,
0.6026)
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Std
Resid
*

Del
Resid
*

HI
*

0.0518
0.0515

-1.02

-1.02

0.341050

1.22

1.24

0.546517

0.0386

0.76

0.75

0.344440

*

*

*

*

*

*

*

*

0.0516
0.0140

-1.05

-1.05

0.388972

0.31

0.30

0.485734

0.0450
0.0057

-0.90

-0.89

0.364044

0.13

0.13

0.543066

0.0140

0.31

0.30

0.471958

0.0242

0.52

0.51

0.459998

*

*

*

*

Resid
*

Table D.6 (continued)
Obs
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Cook’s D
3.85
0.00
0.07
0.03
0.05
0.08
0.24
0.01
0.45
*
0.49
0.00
0.12
0.00
0.02
0.04
*
*
0.05
0.16
0.03
*
*
0.06
0.01
0.04
0.00
0.01
0.02
*

DFITS
9.39601
0.19125
-0.88135
-0.52292
-0.71045
-1.00107
1.75148
-0.35466
2.42563
*
-2.74146
0.14739
1.19324
0.12089
0.42437
-0.67654
*
*
-0.73184
1.36494
0.54119
*
*
-0.84126
0.29211
-0.67490
0.14069
0.27934
0.47047
*

R

R

R Large residual
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Figure D.1 Burning Rate Cube Plot.

Figure D.2 Effects Pareto for Burning Rate (in./s).
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Figure D.3 Residual Plots for Burning Rate (in./s).

Figure D.4 Residuals from Burning Rate (in./s) Versus Standard Order.

286

Figure D.5 Residuals from Burning Rate (in./s) Versus Run Order.

Figure D.6 Residuals from Burning Rate (in./s) Versus Center Point.

287

Figure D.7 Residuals from Burning Rate (in./s) Versus Blocks.

Figure D.8 Residuals from Burning Rate (in./s) Versus Voltage.

288

Figure D.9 Residuals from Burning Rate (in./s) Versus Upper Electrode Surface Area.

Figure D.10 Residuals from Burning Rate (in./s) vs Burning Rate (in./s)
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APPENDIX E

EQUIVALENT ELECTRICAL CIRCUIT BIOLOGIC ZFIT
ANALYSIS RESULTS

This appendix presents the BioLogic ZFit analysis results for determining an ESP
equivalent electrical circuit based on the PEIS experimentation. This appendix material is the
raw output generated by the BioLogic EC-Lab software and the settings used for the ZFit
analysis. No additional analysis, interpretation, or conclusions are presented.

Sample: UAH05C02-Sample K
Run Order: 8
Working Electrode: Stainless Steel
Frequency Range (kHz): 0.1-100
Points per Decade (Frequency): 6
Folder Name: PEIS PreCV
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=== Z fit Analysis (03/09/18 16:04) ===
Equivalent circuit:
R1+Q2/(R2+Ma3)
R1 = 88.17 Ohm
Q2 = 0.370 9e-6 F.s^(a - 1)
a2 = 0.974 8
R2 = -299.2 Ohm
R3 = 3 191 Ohm
t3 = 0.313 7e-3 s
a3 = 0.843
Fit:
select: current cycle(s)
method: Randomize + Levenberg-Marquardt
stop Randomize on: 5000 iterations
stop fit on: 5000 iterations
weight: |Z|
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Figure E.1 UAH05C02-Sample K Stainless Steel Working Electrode BioLogic EC-Lab ZFit
Analysis Ssettings and Equivalent Electrical Circuit Numerical Results.
292

Figure E.2 UAH05C02-Sample K Stainless Steel Working Electrode ZFit Analysis Results
Showing the Nyquist Impedance Plot.
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Figure E.3 UAH05C02-Sample K Stainless Steel Working Electrode ZFit Analysis Results
Showing the Bode Plot for Impedance and Phase.
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log ( |Z |/Ohm)

Table E.1 UAH05C02-Sample K Stainless Steel Working Electrode ZFit Analysis Numerical
Results for the Nyquist Plot, Bode Plot – Impedance, and Bode Plot – Phase.
Nyquist Plot
Re(Z)/Ohm
-Im(Z)/Ohm
88.3727
5.8382
88.5138
8.42799
88.7553
12.175
89.1529
17.5976
89.7995
25.4264
90.8547
36.6992
92.5798
52.7751
95.3882
75.4935
100.051
108.582
107.143
154.437
117.324
218.261
131.103
307.891
148.991
434.564
172.151
615.196
202.748
873.401
244.322
1242.56
302.567
1773.71
385.042
2532.99
503.105
3618.27

Bode Plot – Impedance
log (freq/Hz) log (|Z|/Ohm)
5.00008
1.94726
4.83331
1.94897
4.66667
1.95224
4.49998
1.95844
4.33331
1.97002
4.16666
1.99117
4.00085
2.02762
3.83607
2.0851
3.66666
2.16923
3.49983
2.27407
3.33359
2.39409
3.1669
2.52458
3.00014
2.66219
2.8332
2.80538
2.66648
2.95261
2.50012
3.10255
2.33313
3.25511
2.16654
3.40859
2.00014
3.56266
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Bode Plot – Phase
log (freq/Hz) Phase(Z)/deg
5.00008
-3.77966
4.83331
-5.43912
4.66667
-7.81078
4.49998
-11.1659
4.33331
-15.8093
4.16666
-21.9954
4.00085
-29.6853
3.83607
-38.3593
3.66666
-47.3416
3.49983
-55.2484
3.33359
-61.7402
3.1669
-66.9352
3.00014
-71.0756
2.8332
-74.3668
2.66648
-76.931
2.50012
-78.876
2.33313
-80.3194
2.16654
-81.3566
2.00014
-82.084

Sample: UAH05C02-Sample N
Run Order: 9
Working Electrode: Platinum
Frequency Range (kHz): 0.1-100
Points per Decade (Frequency): 6
Folder Name: PEIS PreCV

=== Z fit Analysis (03/09/18 16:55) ===
Equivalent circuit:
R1+Q2/(R2+Ma3)
R1 = 101.1 Ohm
Q2 = 0.856e-6 F.s^(a - 1)
a2 = 0.938 2
R2 = 462.9 Ohm
R3 = 4 739 Ohm
t3 = 0.494e-3 s
a3 = 0.861 9
Fit:
select: current cycle(s)
method: Randomize + Levenberg-Marquardt
stop Randomize on: 5000 iterations
stop fit on: 5000 iterations
weight: |Z|
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Figure E.4 UAH05C02-Sample N Platinum Working Electrode BioLogic EC-Lab ZFit Analysis
Ssettings and Equivalent Electrical Circuit Numerical Results.
297

Figure E.5 UAH05C02-Sample N Platinum Working Electrode ZFit Analysis Results Showing
the Nyquist Impedance Plot.
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Figure E.6 UAH05C02-Sample N Platinum Working Electrode ZFit Analysis Results Showing
the Bode Plot for Impedance and Phase.

log ( |Z |/Ohm)

Table E.2 UAH05C02-Sample N Platinum Working Electrode ZFit Analysis Numerical Results
for the Nyquist Plot, Bode Plot – Impedance, and Bode Plot – Phase.
Nyquist Plot
Re(Z)/Ohm
-Im(Z)/Ohm
101.575
4.20904
101.77
6.02869
102.055
8.62944
102.476
12.3481
103.098
17.6587
104.023
25.2347
105.399
35.9671
107.451
51.1006
110.669
73.2188
115.543
104.106
122.947
147.346
133.975
207.834
149.626
291.948
170.693
409.269
197.939
573.842
232.941
806.403
279.123
1138.95
341.398
1612.6
427.333
2287.74

Bode Plot – Impedance
log (freq/Hz) log (|Z|/Ohm)
5.00008
2.00716
4.83331
2.00838
4.66667
2.01038
4.49998
2.01375
4.33331
2.01953
4.16666
2.02955
4.00085
2.04675
3.83607
2.07549
3.66666
2.12286
3.49983
2.1918
3.33359
2.28308
3.1669
2.39318
3.00014
2.51595
2.8332
2.64683
2.66648
2.7832
2.50012
2.92396
2.33313
3.06917
2.16654
3.21705
2.00014
3.36685
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Bode Plot – Phase
log (freq/Hz) Phase(Z)/deg
5.00008
-2.37284
4.83331
-3.39015
4.66667
-4.83323
4.49998
-6.87088
4.33331
-9.71934
4.16666
-13.6358
4.00085
-18.8421
3.83607
-25.4344
3.66666
-33.4887
3.49983
-42.0194
3.33359
-50.158
3.1669
-57.1932
3.00014
-62.8644
2.8332
-67.3606
2.66648
-70.9688
2.50012
-73.8879
2.33313
-76.2299
2.16654
-78.0466
2.00014
-79.4195

APPENDIX F

APPROVAL FOR PUBLIC RELEASE

This appendix provides the Approval for Public Release information for the electrical
response and electroanalysis experimentation. This public release applies to the raw datasets
recorded during each experiment, e.g. displacement, current, and voltage for the electrical
response experiments and the CP, CV, CA, and PEIS electroanalysis experiments. All electrical
response and electroanalysis experimentation data analysis, interpretations, results, discussions,
and conclusions are based on the publicly released data.

MDA/PA

April 24, 2018

SUBJECT: 18-MDA-9603 Public Release: ESP Fundamental Experimentation
Laboratory Data Package

Public Affairs (MDA/PA) has completed Security and Policy Review coordination of the
material, “ESP Fundamental Experimentation Laboratory Data Package.”

This material is suitable for public release without objection. The following distribution
statement applies:
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DISTRIBUTION STATEMENT A. Approved for public release; distribution is
unlimited.

This material should be marked as follows:

Approved for Public Release
18-MDA-9603 (24 Apr 18)

Material cleared for public release can be reused in its original form any time, any place.
Any updating, changing or combining of previously cleared material will form a new document
that requires the material be re-submitted for a new public release clearance. Please re-submit
any new material with the past clearance documentation. A marked copy of the document
indicating where new information is placed will help speed the review.
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